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ABSTRACT 
 
The development of ultraviolet semiconductor emitters (LEDs and lasers) will enable a 
large number of industrial and medical applications. AlGaN alloys are ideally suited for 
the development of such devices since their energy gap can be tuned from the near UV 
(365 nm) to deep UV (200 nm). However, the doping of such materials n- and p-type is 
difficult. Another problem is the generally poor light extraction efficiency from both UV 
and visible LEDs.  
 
This research addressed the first problem by developing UV emitters in the form of 
graded-index-separate-confinement-heterostructure (GRINSCH).  In these device the 
active region is embedded in two compositionally graded wave guiding layers. Due to the 
polar nature of nitride semiconductors these compositionally graded AlGaN films are 
doped p- or n-type if the grading changes from high to low concentration or from low to 
high concentration respectively. Thus, a p-n junction is automatically formed without the 
incorporation of dopants. The polarization induced doping level in these structures was 
  
 x 
calculated to be 1018cm-3 for the p- and n-sides. A number of devices, whose active 
region is either 75 nm Al0.72Ga0.28N bulk film or multiple QWs have been grown on 6H-
SiC substrates by Molecular-Beam Epitaxy (MBE) and investigated.  The emission 
properties of these structures were investigated by cathodoluminescence (CL) and by 
measuring their optical gain. A maximum net modal gain in excess of 80 cm-1 was 
measured with an optical gain threshold of 14 µJ / cm2. Some of these structures, emitting 
in the near UV, were also electrically pumped.  
 
The second problem was addressed by incorporating dielectric (TiO2) photonic crystals 
on the phosphor plates of white LEDs in order to increase the light extraction efficiency 
upon illumination with blue LEDs. The two-dimensional (2D) hexagonal-lattice of TiO2 
photonic crystal was formed by e-beam lithography on low-scattering (Y1-xCex)3Al5O12 
(YAG:Ce) ceramic phosphor plates.  Yellow light extraction enhancement by a factor of 
4.4 was achieved with a 2D photonic crystal nano-cylinders having diameter 430 nm, 
lattice constant of 580 nm and height of 350 nm. Simulations using a three-dimensional 
finite difference time domain are consistent with our measured data. 
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Chapter 1     
INTRODUCTION 
1.1 Historical review of the development of lasers  
The Laser, an acronym for light amplification by stimulated emission of radiation, is 
based on the phenomenon of stimulated emission, which was first theorized by Einstein 
in 1917. It has been more than five decades since Theodore Maiman constructed the first 
laser based on solid ruby (non-semiconductor) in 1960. Subsequently, semiconductor 
lasers were independently reported by four groups in 1962 [Hall et al., Nathan et al., 
Quist et al. and Holonyak et al., 1962]. Eventually, in 1970 Hayashi et al. achieved CW 
operation at room temperature using a double hetero-junction laser. The hetero-junction 
was first proposed by Kremer [Kremer, 1963] and by Alferov and Kazarinov in 1963 
[Alferov et al., 1963]. The laser medium can be gas, liquid, amorphous solid, or 
semiconductor material.  In this thesis, we will focus on semiconductor lasers.  
1.1.1 Principle of semiconductor lasers 
The semiconductor laser, also called the injection laser (current injection, optical 
pumping, electron beam injection), is a device for light oscillation or amplification based 
on the stimulated emission of photons via optical transitions of electrons in discrete 
energy levels in semiconductors. The principles of semiconductor lasers are similar to 
other lasers (such as the He-Ne gas laser and ruby laser) in that the emitted radiation has 
a high degree of spatial and temporal coherence. Laser radiation is highly monochromatic 
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with very small bandwidth and produces highly collimated beams.  
 
To illustrate the principles behind the fundamental processes that occur during light 
emission in a semiconductor laser, a simple two-level atomic scheme of Fig. 1.1 is used 
[B.E.A. Saleh, M.C. Teich, 2007]. In Fig. 1.1, there are two energy levels, E1 represents 
the ground state and E2 corresponds to the excited state. Once an atom in the ground state 
absorbs an incident photon, it excites an electron from ground state E1 to excited state E2. 
This is referred to as stimulated absorption. An electron initially in E2 may return from E2 
to E1 through emission of a photon. This process is known as spontaneous emission, 
which is not connected to the incident radiation in any way. In this process, photons emit 
in random directions and have no definite phase relation to each other resulting in 
incoherent radiation.  
 
Figure 1.1: Fundamental optical processes: (a) absorption (b) spontaneous emission and 
(c) stimulated emission. [B.E.A. Saleh, M.C. Teich 2007] 
 
Finally, an important phenomenon occurs when a photon of energy hv impinges on an 
atom while it is still in the excited state E2. In this case, hv has to be exactly equal to E2 - 
E1. The atom is immediately stimulated to make its transition to the ground state E1 and 
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in the process duplicate (“clone”) photons with precisely the same wavelength and phase 
as the original incident photon. This process is called stimulated emission and is 
primarily responsible for lasing. Note the two interesting properties of the stimulated 
emission. First, an incoming photon is necessary and it becomes two photons on output, a 
basic concept for optical gain. Secondly, the second photon generated is in phase, has the 
same frequency, same plane of polarization, and same propagation direction as the 
original one, all of which account for the coherent radiation from the laser. 
 
To better understand the idea of laser operation, two conditions should be considered. 
One is stimulated emission, which has been described above and the other is optical 
resonance. In a laser, good optical resonance ensures feedback inside the laser cavity to 
achieve the self-sustained oscillation known as lasing. The most applicable and simplest 
laser is the Fabry–Perot (FP) laser (Numai, 2004) with cleaved facets providing the 
optical feedback as shown in Fig. 1.2. The laser facets (two mirrors Z1 and Z2) are 
characterized by a high degree of reflectivity (the reflectivity R (Z1) =100% and Z2 has a 
larger transparency (R(Z2) = 90–99%)) and confine light in the one dimensional box 
surrounding the active medium. This significantly increases the effectiveness of the light 
amplification at specific frequencies.  These frequencies have to be resonant (be able to 
form standing waves) in the cavity. 
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Figure 1.2: optical resonator [Numai, 2004] 
 
As shown in Fig 1.2, in between these two mirrors is the active medium in which the 
processes of stimulated absorption, stimulated emission and spontaneous emission occur. 
The active medium, also called the gain medium, may be a gas, liquid or solid. In this 
work, an active region based on AlxGa1-xN/AlyGa1-yN (0≤x≤1, 0≤ y≤1) multiple quantum 
wells (MQWs) will be studied. Inside the active medium, a certain number of molecules 
can absorb light and produce spontaneous and stimulated emission with external pumping 
energy. In order to start a laser action, the number of absorption transitions in the active 
medium must be smaller than the number of emission transitions. However, according to 
Boltzmann distribution at thermal equilibrium the number of molecules (nm) in the 
excited state (Em)  𝑛𝑚 = 𝑛𝑛exp (−
𝐸𝑚−𝐸𝑛
𝑘𝑇
) , is always smaller than the number of 
molecules (nn) in the ground state (En).  In reference to Figure 1.1 there are always fewer 
molecules at the higher energy level E2 than at the lower level E1, which means that the 
number of stimulated absorption events is larger than the number of stimulated emission 
events at thermal equilibrium conditions. In order to force the active medium to lase we 
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must create an inverted population – a temporary situation such that there are more 
molecules in the excited level E2 than in the ground level E1, a deviation from the 
equilibrium Boltzmann population.  As expected, the energy loss inside the laser cavity 
includes not only material absorption but also loss as a result of light scattering, 
refraction, diffraction and thermal instability of the active medium. The optical gain due 
to stimulated emission must overcome the loss in order to have lasing. This turning point 
where gain overcomes loss is called the laser threshold of pumping power. It is the most 
critical parameter for evaluating the laser characteristics. We will gain considerable 
insight into the threshold condition required for lasing in AlGaN based UV-Lasers in 
later chapters. Indeed, when the population inversion is achieved and the gain is larger 
than the losses, the medium can be used to amplify light by stimulating emission of 
additional photons. Finally the beam reflected from the mirrors back into the cavity 
interacts with molecules with further amplification until there is lasing stabilization. 
1.1.2 Semiconductor Lasers pumped by three external energy sources 
As discussed in the previous section, population inversion is a prerequisite condition for 
stimulated emission in lasing. To have more excited-atoms on upper level and produce 
the population inversion, an external pumping energy source is required as shown in Fig. 
1.2. There are three main methods to supply energy to the gain medium: electrical 
pumping (electrically injection), optical pumping, and electron beam pumping (electron 
beam injection) 
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A. Electrically injected Lasers 
Electrical pumping is a mechanism of excitation widely used in semiconductor lasers. In 
this case, the gain medium is a forward-biased, heavily doped, p-n junction that relies on 
sufficiently intense electrical current injection to gain population inversion as shown in 
Fig. 1.3. The recombination of electron and hole pairs in the junction plane together with 
the high reflectivity of the cleaved facet along its crystal plane forms a Fabry-Perot 
optical resonator. This device is called a laser diode or semiconductor injection laser. In 
the Nitride semiconductors, Akasaki et al reported the first current-injected stimulated 
emission in 1995 [Akasaki et al., 1995] and [Nakamura et al, 1999] reported room-
temperature pulsed and continuous-wave (cw) lasing operation of GaN-based blue laser 
diode (LD) in 1996 [Nakamura et al., 1996]. Following these two pioneering reports 
many research groups achieved cw operation of laser diodes. Recently several groups 
have achieved electrically injected lasers at near UV wavelengths (334 - 360nm) 
[Yoshida et al., 2009].  
 
 
Figure 1.3:  Schematic view of the active region and total current inside a laser diode. 
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B. Optically pumped lasers  
Optical pumping is another mechanism of excitation. Here, a laser beam or incoherent 
light source is used.  In order to raise atoms or molecules to a higher excitation state by 
illuminating the laser material, the incident photon energy must be equal or larger than 
the energy difference between the excited states and ground states. The power of the 
external light source should be higher than the lasing threshold of the laser itself, in order 
to obtain population inversion. Currently, the most popular pumping source is laser light. 
Since its bandwidth is very narrow, its pumping efficiency can be very high. Optically 
pumping semiconductor laser is commonly accepted mainly because it produces 
dramatically less heat in the laser gain medium, compared to other pumping methods, and 
thus offers excellent reliability and extremely long lifetimes. So far, some research 
groups reported optical pumped deep UV lasers in the wavelength between 220nm and 
250nm [Takano et al., 2004; Wunderer et al., 2011]. However, the realization of 
electrically pumped lasers will prove to be more practical and applicable in industry. 
C. Electron beam injected lasers 
Electron beam pumped (EBP) semiconductor lasers operate in a very different fashion. 
Once the semiconductor gain material is exposed to high energy (keV) electrons, photons 
are emitted in radiation covering the entire IR-UV wavelength range. This process is 
called Cathodoluminescence (CL) and can be defined as light emission by electron 
bombardment. Very different from the other two kinds of lasers described above, 
population inversion can be easily realized in EBP lasers by directly injecting numerous 
high energy electrons into the material and occupying the excited state. However the 
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limited availability of very high current density and the high acceleration voltage for the 
electron beam limits further exploration of this method. Currently EBP lasers have been 
only reported and demonstrated in II-VI material systems like ZnCdSe/ZnSe, 
CdTe/CdMnTe heterostructure laser [Kozlovsky et al., 1996, Bondarev et al., 2005] and 
preliminary results in GaN have been reported [Ng and Moustakas, 2000] in the BU PhD 
dissertation by [Bhattacharyya, 2005]. A remarkable advantage and potential of EBP 
lasers is that they do not require neither doping nor the formation of Ohmic contacts.  
Furthermore, EBP lasers can theoretically be formed in all direct band gap 
semiconductors.  EBL therefore appears as a powerful and viable solution for making 
lasers in semiconductor material which are difficult to dope n- and p-type, as for example 
high Aluminum concentration AlGaN alloys for the development of deep-UV lasers. 
Other issues related with EBP lasers are the limited availability of high power and small 
size of electron guns as well as material deterioration issues caused by longtime exposure 
to high power e-beams. 
1.1.3 Advantages of Semiconductor lasers 
Semiconductor lasers differ from other lasers (gas, liquid or solid state lasers) in many 
important aspects:  
(a).  In conventional lasers, the quantum transitions occur between discrete atomic energy 
levels, whereas in semiconductor lasers the transitions are associated with the band 
properties of materials. These strongly influence the spectral characteristics of a 
semiconductor laser and ensure wide wavelength coverage. Refractive index variations in 
the cladding and active regions determine the beam’s spatial property. 
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(b). Most of semiconductor lasers are extremely light weight and compact in size, less 
than 1 mm3 for each laser chip, which can be integrated monolithically with other circuit 
elements in optoelectronic integrated circuits (OEIC) and photonic integrated circuits 
(PIC). However, because the active region is very narrow (on the order of 1-um thick or 
less), the divergence of the laser beam produced is considerably larger than in a 
conventional laser.  
 
(c). The direct energy transition of the III-V semiconductor compounds means that we 
can achieve high quantum efficiency in the conversion of electron-hole pairs (electrical 
power) to photons (optical power), providing a clear advantage over indirectly excited 
lasers and ensuring a high energy conversion efficiency. 
 
(d). Depending on the laser operation wavelength, there are three pumping mechanisms: 
electrical injection, optical pumping and electron beam injection. In electrical pumping 
the laser is pumped simply by passing a forward current through the p-n junction. For 
optical pumping, stimulated emission will happen only after the optical beam is highly 
focused on laser bars. Electron beam injection can be realized once a high power electron 
beam bombards the semiconductor and triggers stimulated emission.  
 
(e). Finally, the semiconductor laser is a very efficient overall system that can be 
modulated easily by modulating the pumping current/optical or electron beam pumping 
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power. Since semiconductor lasers have very short photon lifetimes, modulation at high 
frequencies can be achieved at suitable wavelength range with high reliability. 
 
1.2 III-Nitride lasers 
1.2.1 Fundamentals of Group-III Nitrides 
Group III-Nitrides are wide direct bandgap semiconductor materials, including GaN, AlN, 
InN and their most relevant alloys InGaN, AlInN, AlGaN and AlInGaN, i.e. (Al, In, 
Ga)N. By varying the alloy composition, their bandgap varies from about 0.7 eV to 6.2 
Ev [Pankove et al., 1998; Moustakas, 1999], covering the electromagnetic spectrum from 
infrared, visible and extending well into deep ultra-violet as shown in Fig 1.4. It is this 
unique material property that makes group Ill-Nitrides very promising semiconductor 
materials for carefully tailored optoelectronic devices emitting anywhere within this 
wavelength range. In addition, doping of the III–nitrides with both donors (Silicon-Doped) 
and acceptors (Mg-Doped) has been accomplished. Furthermore, good Ohmic contacts to 
n-type and p-type GaN for current injection have been developed [Foresi and Moustakas, 
1993]. Various device designs based on those alloys in either bulk or thin layers can be 
easily achieved depending on device operation wavelength. Since the first GaN-based 
light emitting diode (LED) [Pankove et al., 1971], highly efficient, high-power and high-
brightness blue and white LEDs were later developed by S. Nakamura at Nichia in 1995. 
Progressively this technology has advanced sufficiently to be used for general 
illumination with significant benefits to humanity by replacing the traditional light bulbs 
  
 
11 
with more energy saving and environmentally friendly III-Nitrides-based LEDs. Another 
promising area of III-Nitride materials is the development of Laser Diodes (LD), which 
are key components in emerging high-definition DVD players, laser printing, 
communication, medical application as well as other electronics in optical integrated 
circuits and high density optical-storage technology [Nakamura et al., 2000]. 
Additionally, with the advent of heterostructure and nanostructure technology, fabrication 
of superlattices and nanostructures based on III-Nitrides is essential for fabricating 
modern devices. Tremendous effort in this field has led to remarkable breakthroughs in 
research and development in the past decades and there are rapidly new discoveries and 
developments going on in these materials and devices. These breakthroughs were the 
result of systematic theoretical and experimental work ranging from pure science to 
materials development and a host of fabrication and characterization techniques.  
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Figure 1.4: Bandgap energy versus lattice constant for various semiconductors including 
the wide bandgap materials SiC and AlN, GaN, InN with their alloys. (http://www.tf.uni-
kiel.de/matwis/amat/semi_en/) 
 
In addition, GaN has high breakdown field of 3x106V/cm, much higher than that of Si 
(2x105V/cm) and GaAs (4x105V/cm), which is necessary for high power devices with 
high breakdown voltage [Shur et al., 1996]. Furthermore, III-Nitride devices can perform 
under very high temperature and harsh environment like in aerospace exploration systems, 
corrosive environments and high power and high speed electronics because of their 
hardness, strong bond strength, thermal stability and good thermal conductivity. GaAs, 
ZnSe and InP based electronic devices cannot be used in these areas but Nitride-based 
semiconductors are particularly suitable. Last but not least, the equilibrium crystal 
structure of III-Nitride materials   is the wurtzite structure while other III-V compounds, 
such as InP and GaAs, crystallize in the zinc-blende structure. This together with the 
polar nature of the Ga-N bond leads to very strong built-in electric field in 
heterostructures due to spontaneous and piezoelectric polarization, which can be applied 
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for the development of sensors based on microelectro-mechanical systems (MEMS). The 
investigation of this polarization property of nitrides is one of the main topics in this 
research and will be addressed in greater detail in later sections. Specifically, the 
polarization-enhanced doping will be used for the formation of p-n junctions in AlGaN 
alloys.    
 
As mentioned earlier, III–nitride devices not only cover the whole spectrum from the 
visible to the deep UV spectral regions, but can also work at much higher temperatures 
and hostile environments. This has made III–Nitrides increasingly attractive and 
important materials for optoelectronic as well as for high temperature and high power 
electronic devices like transistors. However, native substrates available for these III-
Nitride alloys are still rare. Sapphire (Al2O3) or Silicon Carbide (SiC) are the most 
commonly used alternative substrates.  As shown in Fig. 1.4, there is a large lattice 
mismatch between these III–nitrides and substrates on which they are grown. 
Furthermore, there is also significant thermal mismatch between III-N materials and these 
substrates. Sapphire is transparent and stable at high temperature and is the most 
extensively used substrate for growth of the III–nitrides. The growth technology of III-
Nitrides on sapphire is quite mature now, and large area high quality crystals are 
commercially available at low cost. Extensive research has been done on the growth of 
III–nitrides on SiC as well. SiC exists in about 250 crystalline forms and the 
polymorphism of SiC is characterized by a large family of similar crystalline structures 
called polytypes. In addition, depending on different layer stacking sequences, some 
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polytypes SiC can be classified as 2H, 4H, 6H-SiC etc. with increasing complexity even 
though they are the same chemical compound [Bougrov et al., 2001]. In this work, 4H-
SiC and 6H-SiC, having hexagonal crystal structure (Wurtzite), are the substrates used 
for the growth of AlGaN alloys and devices. . From the intrinsic material quality, SiC has 
several advantages over sapphire: (a) Its lattice mismatch with AlN is very small (less 
than 1%). Thus, the stress in films grown on SiC is smaller than in the films grown on 
sapphire; (b) SiC has good electrical conductivity. Even though large good quality SiC 
substrates are available commercially now, due to relatively high cost and low bandgap 
energy (3.08eV) of SiC, very few UV optoelectronic devices use SiC as a substrate. As a 
result, the literature dealing with the growth of high quality of AlGaN film on SiC is very 
limited. . Native GaN, AlN substrates have recently became commercially available but 
they are prohibitively expensive. 
 
There are three main growth methods used in the development of III-Nitride devices 
(Pankove et al., 1998; Moustakas, 1999):  Hydride vapor phase epitaxy (HVPE) 2: 
Metalorganic vapour phase epitaxy (MOVPE), also known as metalorganic chemical 
vapour deposition (MOCVD). This is a chemical vapour deposition method of epitaxial 
growth of materials from surface reaction of organic compounds or metalorganics, and 
metal hydrides containing the required chemical elements. 3: Ammonia or Plasma 
Assisted Molecular Beam Epitaxy (PAMBE). All films investigated here were produced 
by PA-MBE and the growth conditions of AlxGa1-xN on SiC/sapphire substrates will be 
covered in later chapters.   
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1.2.2 Polarization property in Nitrides 
The development of emitters (LDs and LEDs) emitting in the UV can be accomplished 
by using AlGaN whose composition can be tuned from 360 nm to about 200 nm. There 
are a number of issues and challenges associated with the development of these alloys 
principal amongst which is the poor n- and p-type doping of high Al content AlGaN films. 
Historically, the absence of high p-type conductivity of AlxGa1-xN limited the 
development of UV LDs. Recently, a new approach of improving p-type conductivity of 
AlGaN films, called polarization enhanced n- and p- type doping in AlGaN films by 
Simon et al.[Simon et al., 2010], was demonstrated. In this section, we will briefly 
introduce the basics of polarization in nitrides. 
1.2.2.1 Basic physics of polarization in nitrides 
The family of group III-Nitride semiconductors (AlN, GaN, InN and their alloys) has 
unique polarization properties, which play a critical role in the design of nitride devices, 
by influencing the potential, charge distributions and carrier transport in heterostructures. 
In order to fully utilize and further explore the effects of polarization to enhance device 
performance, a deep and clear understanding of the physical origin and nature of the 
polarization generated in nitride materials is required.    
1.2.2.2 Spontaneous polarization 
Owing to the different electronegativity between the nitrogen atom and the group-III 
atoms (gallium, indium, and aluminum), the chemical bond between them is strongly 
ionic, resulting in the formation of electrical dipoles directed from N to Ga (or In or Al). 
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Each unit cell can be thought to contain a charge dipole that is formed due to the spatial 
separation of the centroids of the negative charge due to the electron clouds and the 
positive charge of the nuclei. In addition, all III-V nitrides have a non-centrosymmetric 
hexagonal close packed (HCP) crystal structure, which we call the wurtzite crystal 
structure as shown in Fig. 1.5 (a). Here we see the growth direction along [0001] and 
[000-1] in Ga and N-polarity. It is this unique low symmetry of the wurtzite crystal 
structure in nitrides that leads to the existence of a large spontaneous polarization field 
PSP due to the presence of the electrical dipoles. The uniaxial nature of the crystal 
coupled with a non-ideal c/a ratio causes a large Psp, which is forbidden in cubic zinc-
blende structures. Fig. 1.5 (b) shows the direction of spontaneous polarization (Psp) is 
along [000-1] direction in Ga polarity films [Jena, 2010].  
 
 
Figure 1.5 (a) Ga-face and N-face Wurtzite GaN structure   (b) Spontaneous polarization 
alone [0001] on Wurtzite  Ga-face GaN [J.H. Lee, 2007] 
 
 (a)  (b) 
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1.2.2.3 Piezoelectric polarization 
In addition to the presence of the spontaneous polarization, wurtzite III-V nitride 
semiconductors are also characterized by large piezoelectric coefficients. This 
polarization is caused by different strains, leading to the generation of a piezoelectric 
polarization field Ppz that can be comparable in magnitude to the spontaneous 
polarization field in the nitrides and much higher (70 times larger) compared to other 
traditional III-V compound semiconductors.  
The piezoelectric component of the polarization field is given by [Colin Wood, 2008]: 
𝑃𝑃𝑍,[0001] = 2(𝑒31 − 𝑒33
𝐶13
𝐶33
)𝜀 
where 𝑒31 and  𝑒33  are the piezoelectric constants, and 𝐶13 and  𝐶33  are the elastic 
constants.  The in-plane strain in the crystal is given by: 
𝜀 =
𝑎 − 𝑎0
𝑎0
 
where a and a0 are the lattice constants of the epi-layer and the substrate respectively. 
Table 1.1 shows the elastic and piezoelectric constants as well as the spontaneous 
component of the polarization for the three binary nitride semiconductors [Colin Wood, 
2008]. The piezoelectric polarization for ternary alloys is typically determined by a linear 
interpolation of the moduli of those binary constituents by using the Vegard’s law. AlN 
has a smaller in-plane lattice constant than GaN, and thus growth of AlN on GaN will 
have an in-plane tensile strain and a compressive strain in the [0001] direction, and 𝜀 =
(𝑎𝐴𝑙𝑁 − 𝑎𝐺𝑎𝑁 ) 𝑎𝐺𝑎𝑁⁄ < 0 which causes a piezoelectric polarization field in the AlN layer 
to add to the spontaneous polarization field. For the case of InN grown on GaN, since the 
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InN has larger in-plane lattice constant than GaN the piezoelectric component of 
polarization points opposite to the spontaneous polarization direction.  
Table 1.1 Comparative material properties of AlN, GaN, InN (Colin Wood, 2008) 
 
Material Lattice 
constant 
a0 (c0)Å 
Direct 
Gap(eV) 
Psp 
(C/m2) 
𝑒33 
(C/m2) 
𝑒31 
(C/m2) 
𝐶13 
(C/m2) 
𝐶33 
(C/m2) 
GaN 3.189(5.185) 3.4 -0.029 0.73 -0.49 103 405 
InN 3.544(5.718) 0.7 -0.032 0.97 -0.57 92 224 
AlN 3.111(4.978) 6.2 -0.081 1.46 -0.6 108 473 
 
Adding both spontaneous and piezoelectric polarization field inside materials can then 
give rise to a polarization-induced electrostatic charge density, ρpol, given by 
∇ ∙ 𝑃 = ∇ ∙ (𝑃𝑆𝑃 + 𝑃𝑃𝑍) = −𝜌𝑃𝑂𝐿        
These fields create a polarization-induced electrostatic charge density 𝜌𝑃𝑂𝐿  at the 
interface between two layers with different polarization. This charge is also referred to as 
polarization charge which is used to enhance carrier concentrations in many devices and 
can be calculated by using Gauss's law: 
∇ ∙ 𝐷 = 𝜌𝑃𝑂𝐿 + 𝜌𝑚𝑜𝑏𝑖𝑙𝑒, 
Where ρmobile is the mobile charge density, and D is the electric displacement.  
It is these polarization charges that induce the formation of 2-DEG at the AlGaN/GaN 
interface by attracting mobile carriers from donor-like or acceptor-like impurities or 
defects.  Furthermore, this provides extra flexibility for device design through the 
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formation of a 3-Dimensional electron gas if the AlGaN alloys are   compositionally 
graded [Jena et al., 2002, 2003]. The exploration of polarization induced n- and p-type 
doped in graded AlGaN will be extensively discussed in the Chapter 3, 4, 5.  
 
1.3 AlGaN based ultraviolet (UV) lasers 
AlGaN alloys are well suited for the development of ultraviolet (UV) optoelectronic 
devices (emitters, detectors and optical modulators) because their energy gap can be 
tuned by changing the alloy composition to cover the UV electromagnetic spectrum from 
210 nm to 360 nm [Nakamura et al., 1998; Moustakas, 1999]. Such semiconductor 
devices are expected to be lightweight, compact and have low power requirements. In 
addition, nitride semiconductors are physically robust, chemically inert, have high 
corrosion resistance and are non-toxic. These properties also make them attractive for use 
in hostile environments and at high temperatures.  
 
 Ultraviolet light emitters (LEDs, lasers) in particular, are crucial for a number of 
applications such as water purification, air / food sterilization, surface disinfection, free-
space non-line-of-sight communication, epoxy curing, counterfeit detection and 
fluorescence identification of biological / chemical agents. However, despite intense 
efforts worldwide, the maximum external quantum efficiency (EQE) of fully packaged 
AlGaN-based deep-UV LEDs emitting below 280 nm is only 1-3% (Khan et al., 2008; 
Pernot et al., 2010; Hirayama et al., 2010). Recently, Shatalov and co-workers reported a 
UV LED emitting at 278 nm with EQE of 10% [Shatalov et al., 2012]. This was 
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accomplished through optimization of the extraction efficiency and packaging. This 
rather poor EQE is to be contrasted with InGaN-based violet-blue LEDs, whose EQE 
efficiency is about 50% [Krames et al., 2007]. 
 
The development of UV semiconductor lasers is at an even earlier stage. Some groups 
have demonstrated optically pumped deep-UV lasers based on AlGaN multiple quantum 
well (MQW) structures emitting at 241 nm (Takano et al., 2004) and 267 nm (Wunderer 
et al., 2011) with room temperature threshold powers of 1.2 MW/cm2 and 126 KW/cm2 
respectively, and an optical gain with very low threshold fluencies by the introduction of 
deep potential fluctuations in the AlGaN wells (Pecora et al., 2012). However, the 
development of electrically pumped deep-UV semiconductor lasers is lagging due to the 
difficulty of n-and p-type doping of AlGaN alloys with high AlN mole fraction. This is 
due to the high ionization energies of Mg-acceptors and Si-donors, which are 630 meV 
and 280 meV respectively, for AlN (Taniyasu et al., 2006; Kozodoy et al., 2000). The 
shortest reported wavelengths of electrically pumped UV lasers are 342 and 336nm with 
threshold currents of 8 kA /cm
2 and 17 kA /cm2, respectively (Yoshida et al., 2008).  
 
Thus, any breakthrough in developing an electrically pumped deep-UV semiconductor 
laser will depend on the ability to efficiently dope AlGaN alloys p-type. A number of 
approaches have been proposed towards this goal.  These include the use of alternative 
acceptors, such as substitutional beryllium (Salvador et al., 1996) or interstitial fluorine 
(Janotti et al., 2009), the use of polarization enhanced AlGaN/GaN short period 
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superlattices (SPSLs) (SimonKozodoy et al., 1999), and the employment of delta-doping 
(Nakarmi et al., 2003). However, none of these approaches has led to efficient p-type 
doping of AlGaN alloys with high AlN mole fraction. An alternative approach to p-type 
doping of AlGaN alloys is polarization enhanced doping in compositionally graded 
AlGaN alloys (Simon et al., 2010).  In this method, 3D mobile carriers can be produced 
with the aid of polarization charges in graded AlGaN structures without any impurities. 
Application of these polarization enhanced doping layers has already been implemented 
in light emitting diodes and heterostructures using compositionally graded AlGaN alloys 
with small AlN mole fraction (x<0.3) (Verma et al., 2011; Zhang et al., 2010; Li et al., 
2012;).  
 
A semiconductor laser design, which can take advantage of the polarization-enhanced 
doping in compositionally graded AlGaN alloys, is the graded-index-separate- 
confinement-heterostructure (GRINSCH). Such a laser structure has been successfully 
implemented in the traditional cubic III-V semiconductors using either parabolic or 
linearly graded alloy compositional profiles for the confinement of carriers and the 
optical mode. Such designs led to lasers operating at very low current threshold (Tsang 
1981, 1982; Kasemset et al., 1983). However, it should be stressed that due to their cubic 
symmetry, polarization-enhanced doping is not present in the compositionally graded 
wave guiding layers of the GRINSCH structures based on these III-V materials.   
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1.3.1 AlGaN-based laser structure in the form of Graded-Index Separate 
Confinement Heterostructure (GRINSCH) 
1.3.1.1 Traditional III-V compounds GRINSCH lasers 
Threshold current density (TCD), a key parameter of evaluating laser quality, is the 
absolute threshold current, which has to be as low as possible in an actual device. In the 
early research on III-V compound semiconductor laser, a conventional double 
heterostructure resulted in very high TCD, which varied from 2-10 kA/cm2 (Dupuis et.al. 
1978; Tsang et al., 1978; Thompson, 1980) due to a negligible optical confinement factor 
and large volume of the active medium. The TCD was too high to be commercialized 
with such heterojunction. In 1976, Kazarinov and Tsarenkov (Kazarinov et al., 1976) 
theoretically predicted that a graded composition region surrounding a DH laser active 
region would efficiently guide the light propagating in the desired direction and collect 
electrons in the active layer, thus helping to achieve a lower TCD.  Later, with the 
introduction of the concept of quantized energy levels in thin layers of semiconductor 
material by Esaki and Tsu in 1981, Tsang et al. successfully implemented the single 
quantum well GRINSCH (SQW-GRINSCH) and Multi-quantum well GRINSCH 
(MQW-GRINSCH) concept and modified a separate confinement heterostructure by 
gradually changing the waveguide layer composition rather than by making an abrupt 
step to the active layer (Tsang, 1981, 1982). Fig. 1.6 shows diagrams of typical 
GRINSCH with SQW and MQWs. As shown in this figure, by altering the alloy 
concentration during the growth process of cladding layers, the band gap of the cladding 
is gradually reduced so that it meets the band gap of active regions.  GRINSCHs improve 
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carrier confinement as well as light confinement in semiconductor lasers. From then on, 
SQW- and MQW-GRINSCH demonstrated its full potential with extremely thin active 
layers grown by MBE or MOCVD.  As a result, the new-born GRINSCH technology 
helped to dramatically reduce the TCD, immediately yielding 250 A/cm2 and as low as 
160 A/cm2 for a longer optical cavity (Tsang, 1982). The latest world records of TCD as 
low as 40 A/cm2 have been made by employing SQW-GRINSCH structure (Chen et al., 
1987; Chand et al., 1991). Nowadays, SQW- and MQW-GRINSCH structures are 
employed in numerous device designs for low-threshold, single frequency and high 
power application LDs. TCD as low as 70-80 A/cm2 are achieved in GaAs based lasers in 
industry. 
 
Figure 1.6: Different single quantum well and multi-quantum well laser structure shown 
schematically [S.L. Chuang, 1995]  
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1.3.1.2 AlGaN-based GRINSCH laser structure 
Most of the GRINSCH lasers cited in the previous section were obtained in the AlGaAs / 
GaAs material system. As already proved, TCDs of LDs with GRINSCH configuration 
are much lower and efficiencies of lasers with this configuration are much higher due not 
only to better confinement of carriers but also better confinement of emitted light. In the 
literature, no one has tried to implement the GRINSCH device configuration in the III-
nitride-based material system. If we implement the GRINSCH configuration in the 
development of AlGaN based UV/DUV laser diodes, in addition to all the advantages 
presented and achieved in traditional III-V semiconductor lasers, we can also take the 
advantage of polarization induced n- and p-type doping in the graded AlGaN film to 
improve doping efficiency and conductivity in the conducting layers which remains to be 
most challenging issue limiting realization of UV LDs. Meanwhile, by referring to the 
studies on the SQW-GRINSCH AlGaAs diode lasers (Tsang et al., 1982; Chinn et al., 
1988), their conclusions give us the way of optimization of the AlGaN-based GRINSCH 
designs. . A systematic study and research on this topic is truly meaningful. 
 
1.4 Scope and organization of this dissertation 
In this research, we developed AlGaN-based UV emitting devices using the   GRINSCH 
device design, which is capable of better carrier and optical confinement. The design of 
GRINSCH emitters was accomplished by investigating the band structure and optical 
properties through a commercially available software called LASTIP. All samples 
investigated in this research project were grown by PAMBE. Most of GRINSCH 
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structures and films were grown on 6H-SiC with AlN buffer layers. Their structural, 
electrical and optical properties were well-characterized by variety of characterization   
tools.  
 
Chapter 1, I Introduced the background and motivation for developing AlGaN-based 
UV/DUV laser devices and summarizes the basic material properties (electrical, optical) 
of nitrides, in particular AlGaN materials.  
 
Chapter 2, presents a description of the experimental methods used for the growth and 
characterization of the films as well as the fabrication and characterization of the devices. 
 
In chapters 3 and 4, two types of deep UV emitters in the form of GRINSCHs are studied. 
Chapter 3 focuses on the development of deep UV emitters based on the double 
heterostructure, and chapter 4 investigates MQWs as the active region with a GRINSCH 
structure. Both chapters include sections of device design and simulation, the film and 
device growth, crystal structure and microstructure investigation and measurement of the 
optical properties. The optimization of growth conditions (Gallium, Indium flux) in 
various layers is highly addressed.  
 
In chapter 5, the major focus is on the AlGaN material growth and fabrication of 
electrical injected UV emitters by utilizing polarization induced n- and p-type doping. 
Here we demonstrate improvement of electrical conductivity in AlGaN film by 
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employing the idea of polarization enhanced n- and p-type doping. A p-n junction based 
on the GRINSCH structure was demonstrated and strong electroluminescence was 
observed, which paves the way for the realization of electrically injected UV laser diodes.   
 
Chapter 6, describes a collaborative effort between our group and OSRAM SYLVANIA 
Corporate Laboratories towards increasing the light extraction of white LEDs consisting 
of blue LEDs illuminating ceramic phosphor plates. 
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Chapter 2  
Experimental methods and simulations  
In this chapter, I am discussing the various experimental methods and simulations tools 
used in this research project. The AlxGa1-xN films and device structures were grown by 
PA-MBE on 6H-SiC or sapphire substrates and characterized by a number of structural 
and optoelectronic characterization methods. The crystal structure and microstructure of 
the films was characterized in-situ by Reflection-High-Energy-Electron Diffraction 
(RHEED) and ex-situ by Scanning Electron Microscopy (SEM), Atomic Force 
Microscopy (AFM), High-Resolution X-ray Diffraction (HRXRD) and Transmission 
Electron Microscopy (TEM). Optical characterization was performed through 
photoluminescence (PL) and cathodoluminescence (CL) measurements. Edge emission 
was studied by using both ultrafast laser and electron-beam pumping. Optical gain 
measurements were carried out through the Variable Stripe Length (VSL) technique 
using a femtosecond laser. The Internal Quantum Efficiency (IQE) of these structures 
was determined by temperature dependent PL measurements.  The transport properties 
were determined by measuring the Hall Effect of films and I-V characteristics of p-n 
junction devices. In addition, a discussion of our initial effort to form laser facets by 
cleaving will be presented. The band gap simulation of AlGaN-based structures were 
conducted by a commercial program called LASTIP, which provided comprehensive 
understanding of the device physics and was critical to optimizing the design of 
individual layers and their functionalities in a device. 
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2.1 PA-MBE system 
In order to achieve the successful crystal growth of group III-Nitrides materials, a whole 
range of different technologies are needed and some of them are well-developed and 
already implemented in mass production. Hydride vapor phase epitaxy (HVPE) is an 
epitaxial growth technique often employed to produce nitrides such as GaN, AlN and 
their related compounds Al(In)GaN by using ammonia, hydrogen and various chlorides 
as carrier gasses. One of the advantages of HVPE is the very fast growth rate, as 
compared with other growth methods.  It has been applied to produce high quality thick 
(>10um) nitride templates such as AlN, GaN, AlGaN even with n-type or p-type doping.  
Recently, another promising growth technique---sublimation (also known as physical v 
transport, PVT) was used to prepare ingots of single crystals of aluminum nitride (AlN) 
at temperatures exceeding 2000 °C. These technologies are mostly suitable for producing 
bulk and very thick films. However, the growth technology of high quality ultra-thin 
films (less than 10 nm thickness) is required for the fabrication of electronic and 
optoelectronic devices such as HEMTs, LEDs and Lasers. Such thin films can only be 
grown by Molecular Beam Epitaxy or Metal Organic Chemical Vapor Deposition 
(MOCVD). Both of them are widely employed to produce high quality thin films in III-V 
epitaxy industry. 
 
In our study, we use PA-MBE to produce films. MBE was implemented in late 1960s at 
Bell Telephone Laboratories by J. R. Arthur and Alfred Y. Cho [Cho et al., 1975]. The 
most extraordinary characteristic of MBE is that the growth is conducted under an ultra-
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high vacuum of up to 10−10~ 10−11 Torr. Under such a high vacuum, O2, CO2 and H2O 
contaminants on the growing surface can be negligible. In most MBE systems, as shown 
in Figure 2.1, all elements are evaporated from effusion cells under different temperatures. 
By opening and closing the shutter in front of the effusion cell manually or by using a 
computer, the system can abruptly switch on or off the material fluxes; hence, sharp 
interfaces between successively grown layers are possible. Meanwhile, a growth rate 
down to a few angstroms per second is possible. Such control has allowed the 
development of structures where the electrons and holes can be confined in two-
dimensional or one-dimensional space, giving rise to quantum wells and even quantum 
dots. Another important advantage of MBE is that in situ monitoring of the growth 
surface is possible. Reflection high-energy electron diffraction (RHEED) is one of the 
most powerful tools used to monitor the growth front of the crystal layers, especially in 
regards to its flatness and atomic structure during growth. Furthermore, intensity 
oscillation of the RHEED signal accurately measures the growth rate in Å/sec.  
 
Figure 2.1: A schematic diagram of the growth chamber of a MBE system  
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In our MBE system, the ultra-high vacuum environment within the growth chamber is 
maintained by a combination of a turbomolecular pump and liquid nitrogen cryopanels. 
The turbomolecular pump is a thru-pumping for the removal of process gases while the 
liquid nitrogen cryopanels are used to pump condensable impurities, such as water vapor, 
hydrocarbons etc. Prior to each growth a Ti-sublimation pump is also activated for a 
period of time to remove impurities such carbonation compounds (CO2, CO, 
hydrocarbons) and Oxygen which are deposited in the water cooled cryosroud in the form 
of Titanium carbides and oxides. The substrate manipulator is cooled with liquid nitrogen 
as well as chilled water during the growth.  
2.2 Materials characterization 
The surface morphology, structure, and the optical and electronic properties of the 
AlxGa1-xN (0<x<1) films, produced by PA-MBE were characterized by a number of 
techniques. These include surface morphology characterization by SEM and AFM, 
structural investigation by HRXRD, microstructure characterization by TEM at Arizona 
State University, optical characterization of AlGaN films by PL and CL measurements,  
and electronic and transport characterization by Hall effect measurement. Optical gain 
measurements were performed through the Variable Stripe Length (VSL) technique by 
pumping with a femtosecond laser.  
2.2.1 Surface Morphology  
The film growth was monitored periodically in situ by High-Energy-Electron-Diffraction 
(RHEED) using a 10 KV electron gun. Three-dimensional growth leads to spotty 
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diffraction pattern while a streaky pattern is the characteristic of two dimensional 
diffraction from a smooth. Ex-situ studies using SEM and AFM are critical to judge the 
film quality (surface morphology and growth mode). During these studies, we employ a 
Zeiss Supra 40VP SEM system. Zeiss Supra 40VP is a Scanning Electron Microscope 
with a Field Emission cathode, GEMINI electron-optics column, oil-free vacuum system, 
and a variable pressure (VP) operating mode. The Supra 40VP microscope is equipped 
with standard In-lens SE and SE2 detectors. Under high vacuum (the chamber pressure is 
around 5x10-7 torr), electrons are generated by placing an ultra-sharp Tungsten (W) tip (~ 
100 nm) under a large electrical potential gradient. The electron beam then passes though 
electromagnetic lenses and is focused onto the sample surface. The electron beam 
bombardment of the sample excites secondary electrons that leave the sample and are 
collected by an electron detector. By comparing the intensity of these secondary electrons 
to the scanning primary electrons an image showing the surface morphology of the 
sample can be constructed, and is displayed on a monitor. The contrast of an FESEM 
image shows the morphological features on the sample surface, as well as the differences 
in electrical conductivity of the material. Such image provides an estimate of the surface 
roughness in a top-view setting, and accurate measurement of layer thickness in a cross-
section setting. This will be addressed in the fabrication of laser facets section. The 
contrast from the image taken by the In-lens secondary electrons detector (In-Lens) 
roughly indicates different materials and tells the interface between different layers. In 
addition, by choosing different accelerating voltage, different resolution limits (1-6nm) 
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depending on the size the feature can be resolved. The incident beam current can also be 
tuned in the range of 4pA - 40 nA.  
 
In order to define the domain size of AlxGa1-xN films grown by MBE and the accuracy 
of surface roughness, atomic force microscopy (AFM) was used. AFM can provide not 
only a three-dimensional image of sample surfaces, but is also capable of revealing 
features down to the atomic lattice in real space. Combined with analysis software (such 
as Gwyddion), researchers can perform extensive studies on the morphology, root mean 
square (RMS) roughness and depth profile of sample surfaces. In our work, a Digital 
Instrument Dimension 3100 AFM was used to characterize all AlxGa1-xN epitaxial 
layers including bulk AlxGa1-xN with and without doping and thin films in the cladding 
and active regions. All samples were measured in the tapping mode using a Si etched 
SPM probe from Mikromasch. In the tapping mode, the cantilever vibrates close to its 
resonant frequency with its oscillation modified by the interaction between the tip of the 
cantilever and the sample surface. The surface features are constructed by collecting the 
changes in oscillation magnitude and phase with respect to the reference oscillation. 
2.2.2 Structural characterization 
The crystal structure of the AlxGa1-xN film produced by PAMBE was characterized by 
HR-XRD and TEM in Arizona State University with help from Professor David Smith. 
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A. XRD study 
A Philips four-circle high resolution diffractometer was used in the structural 
characterization of films in our work. The sample stage is able to rotate in three planes 
(φ, χ and ω), and the detector can rotate in the θ plane. The X-ray beam was generated 
from a water-cooled copper anode in a vacuum tube. The X-ray beam was then 
collimated by a germanium crystal and filtered by an entrance slit to pass through the line 
required for diffraction analysis. The incident beam is diffracted by the sample under 
investigation and the diffracted beam is then collected by a detector through an exit slit.  
On-axis and off-axis X-ray scans are the most important for the investigation of the 
crystal structure of the films and devices in this study. On-axis θ-2θ X-ray scan is one of 
the most useful characterization employed to determine the chemical composition and 
periodicity of multi-layers of the AlxGa1-xN epitaxial films. By using Bragg's law, the c 
lattice constant of the film can be determined from the position of the diffraction peak. 
Periodicity can also be obtained if the films are periodic structures such as MQWs or a 
superlattices. Furthermore, combined with the Vegard's law, the chemical composition (if 
the film under investigation is an alloy) can also be determined.  
 
Regarding the off-axis scan, because of the lattice mismatch between the Ill-nitride 
crystal and substrate, the heteroepitaxially grown film exhibits mosaic structures that 
comprise of small grains in different orientations. The degree of such mosaicity is 
characterized by "tilt" along the c-axis and by "twist" in the c-plane, and is a direct 
indication of the structural quality of the film. Off-axis X-ray rocking curve studies 
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provide information about the misorientation of the domains (twist). Specifically, the full 
width at half maximum (FWHM) of such rocking curve is a measure of the crystal 
quality with narrow curves indicating good crystal quality. Details of the rocking curve 
measurement can be found in the Ph.D. thesis by Dr. Ian Friel at BU [Friel, 2005].  
 
In the end, by systematically varying the angle of incidence and the diffraction angle, the 
diffraction intensity data can be displayed in a two-dimensional X-ray diffraction 
intensity map that is known as a reciprocal space map. These maps can reveal 
information on strain and strain relaxation in films and devices.  The coherence of 
individual AlGaN film can also be determined by reciprocal lattice mapping.  
 
B. TEM study 
The microstructural study of samples grown and presented in this thesis was done by 
TEM by Professor David Smith at Arizona State University. Samples were prepared for 
cross-sectional imaging by conventional mechanical polishing and ion-beam thinning 
methods. High resolution images were obtained by using two-beam diffraction on JEM-
2000FX TEM operated at 400 keV. 
2.2.3 Optical characterizations 
A. Photoluminescence (PL) 
Photoluminescence (PL) measurements were done to evaluate the emission properties of 
bulk AlGaN films as well as MQW structures. A Photon System He-Ag 70 deep UV laser 
at 224.3nm was used as the excitation source for the PL measurement since all samples 
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were emitting in the range of 230-300nm. This PSI He-Ag 70 was driven under pulsed 
mode with peak energy of 5uJ/cm2. The luminescence from the sample was captured by a 
pair of large diameter collimating lens focused onto a slit of 100um by Acton Research 
group containing a holographic grating with 1800 lines/mm blazed at 250 nm. Finally the 
luminescence was directed into a photomultiplier (PMT) and the spectra were recorded 
on a computer. FWHM as well as peak intensity can be well-defined for each spectral in 
the computer.  
 
In our PL studies, temperature dependent PL was also performed in order to evaluate the 
internal quantum efficiency (IQE) of the AlGaN bulk film or MQWs for the active region 
of deep UV emitters. The lowest temperature achieved was 9.6K. In the IQE 
measurement, the sample was mounted onto the cold finger of a closed-cycle helium 
cryostat equipped with a Si-diode temperature sensor and a copper wire heating element. 
The IQE was defined by dividing the room temperature (300K) PL intensity to the PL 
intensity acquired at 10K [Chichibu et al., 2006]. 
 
B.  Cathodoluminescence 
Cathodoluminescence (CL) measurements on samples were conducted at room 
temperature in a JEOL JSM-6100 scanning electron microscope (SEM) system fitted 
with an Oxford Research Cathodoluminescence setup equipped with a Gatan Mono CL2 
system.  Figure 2.2 is a schematic description of our CL system. The Gatan Mono CL is 
equipped with a precise parabolic mirror and high sensitivity detector which enables 
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recording of the CL spectra in a wide range of wavelength from ultraviolet(UV) to near 
infrared (NIR). The excitation process in CL is different from the PL since the electron-
hole pairs are generated by an electron beam injection under  vaccum conditions. The 
electrons bombard the sample surface and each electron produces numerous electron-hole 
pairs in the material.  
 
One of the main feature in CL studies is that the emission properties of different spots of 
the sample can be mapped in the form of line scan which is called as CL maping. By 
changing the wavelength setting at the detector, the CL mapping at specific wavelengths 
can be obtained from such a line scan which shows CL intensity locally focusing on only 
very small area. In addition, by changing the acceleration voltage of the electron beam, 
the penetration depth of the electron beam can also be changed, and thus the emission 
profile at various depths of the sample under investigation can be obtained. In our CL 
system, the electron beam current was varied between 1 x 10-9 A and 5 x 10-6 A at an 
acceleration voltage of 2KV to 30KV. The edge CL emission was collected by a 
parabolloidal mirror to a photomultiplier. The excitation was done in a scanning mode 
where the electron-beam rasters the surface during measurement. The system also has a 
continuous flowliquid helium cryo stage that can also be cooled with liquid nitrogen 
(Dual-fuel option).  
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Figure 2.2: Schematic illustration of the detection of light with the parabolic mirror from 
CL system. The waveguide attached to the mirror guides the light either to the 
spectrometer 
 
C. Optical Gain measurement by the Variable Stripe Length (VSL) technique 
The optical properties and gain of the designed laser structure were investigated through 
the Variable Stripe Length (VSL) technique. These measurements and data analysis were 
done by Dr. Emanuele Pecora and Professor Luca Dal Negro. The schematic of the VSL 
system is shown in Figure 2.3 [Pecora et al., 2013].  
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Figure 2.3: Schematic of Variable Stripe-Length method [Pecora et al., 2013] 
 
The sample was excited with 220nm laser pulses obtained from pumping a proper fourth-
harmonic generation crystal (Spectra Physics GWU-24FL) with a mode-locked ultra-fast 
high-power Ti:sapphire laser (SpectraPhysics MaiTai, 80 MHz) operating at 880 nm. The 
laser pulses were focused on the sample surface through a cylindrical lens forming a 
stripe whose length can be monitored and adjusted through a blade mounted in a 
motorized computer-controlled stage. The beam profile along the stripe was measured 
through the knife-edge technique. A stripe height of 5µm and a maximum stripe length of 
250µm was used which provided a homogeneous illumination of the sample. Beyond this 
area the pumping intensity cannot be considered uniform anymore and VSL gain data 
should not be trusted. The maximum fluence on the sample was 60µJ/cm2. The Amplified 
Spontaneous Emission (ASE) was collected from the cleaved edge of the sample through 
a UV-transmitting objective, an UV-transmitting movable analyzer, a computer-
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controlled f/4 monochromator (Cornerstone 260) with UV-efficient gratings, and a lock-
in amplifier (Oriel Merlin) coupled to a UV-optimized photomultiplier tube (Oriel 
Instruments 77348).  
 
This is a very reliable and widely used method for the measurement of the optical gain 
coefficient in bulk materials, and it allows unambiguous measurement of the net modal 
gain coefficient and the entire gain spectrum [Shaklee et al., 1973; Dal Negro et al., 2003; 
Frankowsky et al., 1996; Rowe et al., 2003]. No special sample preparation is needed; 
however some experimental conditions need to be carefully verified to avoid any artifacts 
[Dal Negro et al., 2004]. Data are analyzed within the 1D amplifier model to determine 
the net modal gain/absorption coefficient. By integrating the expression for the 
amplification of light from a point source, a distance L from the edge, over the excitation 
length, the net modal gain can be related to the Amplified Spontaneous Emission 
intensity by: 
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Jsp(Ω) is the spontaneous emission intensity emitted within the solid angle Ω and G is the 
net modal gain of the material. The usual VSL scan consists of collecting the IASE signal 
as a function of the excitation length. From the fit of the experimental data the value of G 
can be deduced for a specific wavelength. In addition, the net modal gain spectrum can 
be measured by comparing the ASE intensity spectra for two different excitation lengths 
IL = L and I2L = 2L, and using the following equation for the gain spectrum in absolute 
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values as a function of the wavelength: 
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A clear demonstration and quantification of gain in this material was done by using the 
well-known VSL technique described above to measure the gain coefficient from the 
evolution of the peak-emission intensity as a function of the optically pumped sample 
length. 
2.2.4 Electrical characterization 
For the electrical injected emitters, the transport properties characteristics of n- and p-
type AlGaN materials including carrier density, carrier mobility and resistivity have to be 
quantified. Typically for GRINSCH emitters, n- and p-type graded AlGaN films have to 
be optimized for better optical confinement and conductivity for their use in laser diodes. 
In our case, the electronic properties of the AlxGa1-xN film were characterized by 
resistivity measurement using the four-point-probe method. The transport properties were 
measured by the Hall Effect measurement (Van der Pauw technique). The metal scheme 
for n-type contact and p-type contact AlGaN film are Ti/Al/Ni/Au and Ni/Au respectively 
which were deposited onto the film by electron beam evaporation. The Hall Effect 
measurements were taken at room temperature. The injection current ranged from 1x10-6 
to 1x10-3 Amp, and the magnetic field was 7000 Gauss. 
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2.3 Device design and simulation tools 
In order to have better understanding of our AlGaN-based laser structures in the form of 
GRISNCH configuration, band structures and optical properties of different devices were 
simulated by using the commercially available program called LASTIP by Crosslight, Inc. 
This is a powerful device simulation program dedicated primarily to simulate the 
operation of semiconductor edge emitting lasers in two dimensions (2D). In the current 
project, it computes the band structure of AlGaN-based GRINSCH devices using the k∙p 
approximation method as well as it calculates the optical gain properties for various 
quantum well structures in the active region. The model takes into account the strain, line 
broadening, and the valence band mixing in the 6-band k∙p analysis. It can also performs 
computations for various recombination mechanisms and optical properties of electrical-
injected laser diodes (light output power and threshold current density). The self-
consistent numerical solution was applied which accurately considers all-round effects 
like carrier drift, diffusion, thermionic emission, index guiding of the optical mode, gain, 
types of recombination which helped us further optimize and assess the laser 
characteristics.  
2.4 Device fabrication and characterization  
2.4.1 Fabrication of Laser Facets  
As been introduced in Chapter 1, one of key prerequisites for a laser to produce 
stimulated emission is to have optical feedback. Good optical resonance ensures feedback 
inside the laser cavity to achieve self-sustained oscillations known as lasing. As a result, 
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the formation of smooth and vertical facets is one of the most crucial challenges in the 
process of laser fabrication. To date, several approaches have been employed to fabricate 
facets for AlGaN based lasers including laser assisted scribing and cleaving, thinning the 
substrate and then cleaving, dry etching using inductively coupled plasma etch (ICP) or 
photo-enhanced electrochemical etching with wet chemical etching. Of these methods, 
cleaving has produced the smoothest and high reflectivity facets for GaN based laser 
grown on SiC (Stocker et al., 1998; Syvajarvi et al., 2000). The reflectivity obtained from 
etch facets were smaller than cleaved facets which was attributed primarily on roughness 
of the facets as well as the deviation of the facet from the vertical direction.   
 
We used cleaving to produce laser facets. However, before cleaving, we used   a dicing 
saw to define the laser size. Since the dicing saw is more accurate than scribing and 
breaking in both alignment and size control, it is used to define the size of laser bars but 
not used to cut through the whole wafer. After dicing, we break the wafer into bars by 
mechanically pressing down each framed bars from the epi-side. The scribing and 
breaking method provides superior results if the remaining crystals after dicing are thin 
enough so that the break occurs along the desired crystal direction. However, the problem 
with the dicing saw is that it leaves jagged, cracked edges that act as scribe marks in 
cleaving. Much care is taken to choose the proper blade speed, blade type, and mounting 
conditions in order to get the smoothest edges. Nevertheless, so far, dicing was found to 
be more reliable, reproducible and most convenient way to produce high quality facets on 
AlGaN based films grown on 6H-SiC. 
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2.4.2 Crystal orientations and resulting facets of AlGaN grown on SiC 
Early laser diodes were mostly grown on sapphire and more recently such devices were 
made on SiC. SiC has a number of properties that make it better than sapphire, among 
which the most important one is that SiC has less than 1% lattice mismatch with AlN and 
3.5% mismatch with GaN. It is especially good for forming vertical cleaved facets easily 
for the fabrication of nitride laser diodes.  
 
Figure 2.4:  Wurtzite crystal structure for SiC, AlN, GaN in the (0001) orientation 
 
Fig 2.4 shows the crystal orientations and planes of wurtzite crystal structure for 6H-SiC, 
AlN, GaN. Highlighted by the colored areas are the a-plane (11-20) and m-plane (1-100). 
The picture clearly shows 6H-SiC has vertical cleave planes (a and m planes) which line 
up with the cleave planes of the AlN since wurtzite AlN were grown along c-axis [0001]. 
As a result, there are a few cleave planes in SiC that break easily. Therefore atomically 
smooth facet can be formed. However, SiC is more expensive relative to the cost of 
sapphire.   
 
As discussed above, there are two basal slip systems: (0001)<11-20> and (0001)<1-100> 
in SiC. This indicates that any of the {11-20} and {1-100} planes could be selected as 
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good candidates for cleavage planes that form smooth facets. Nevertheless, people found 
cleavage results are slightly different in between the two planes due to interatomic 
bonding and hardness anisotropy. The {1-100} cleavages are more reproducible than 
{11-20} cleavages, which indicate that the interatomic bonding is anisotropic. As atomic 
configuration shows in Fig 2.4, the atoms are more closely spaced in a <1-100> direction, 
i.e. along a {11-20} plane, than in a <11-20> direction (along a {1-100} plane). The 
distance between the atoms is closely related to the interatomic bonding strength. The 
smaller spacing between the atoms makes the hardness in a <1-100> direction higher and 
the atoms are more difficult to displace in this direction. Parallel to a {1-100} plane, the 
atoms are more separated than parallel to a {11-20} plane and consequently easier to 
displace by external forces. The cleavages require large energies since two free surfaces 
are created. The (11-20) and (1-100) planes are both preferred cleavage planes but the 
latter cleavage plane is more reproducible to make. This is due to the arrangement of the 
atoms in the SiC lattice as has been described. 
2.4.3 Fabrication of laser bars 
In spite of being a semiconductor with large interatomic forces, cleavages are still 
possible to make on SiC and it provides the possibility of obtaining large area smooth 
surfaces with natural cleavages. The cleaving performance is even better than nitrides 
grown on sapphire. Figure 2.5 shows the procedure I have used in making laser facets. 
The cleaving was made by first making a groove on the backside of the substrate along 
the desired cleavage plane by a dicing saw. The cleaving was then done by applying 
forces on the opposite sides of the groove. Afterwards, chemical wet etching was 
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performed using KOH-based photoresist developer AZ400K under different temperature 
treatments. We conclude the whole process is very reliable by combination of optimized 
dicing conditions, cleaving methods, and etching time and temperature, and eventually 
produced high quality laser facets. The details of each step for making laser facets are as 
follows: 
 
Figure 2.5: Cleavage Procedure 
 
1: Spin photoresist: Spin photoresist on top of epi-layer to protect the surface from 
damaging. 
2: Dice: dice from the SiC substrate side using a dicing saw. Dicing depth, dicing speed, 
blade thickness are the most crucial parameters. 
3: Cleave: The cleavages were obtained by applying force on the layer side opposite to 
the groove 
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4: Wet Etching: removed any small features or striations remaining on the facet after 
cleaving. The surface was already smooth after cleaving, just smooth further by dipping 
into hot photoresist developer AZ400 for a few minutes. The etching temperature and 
time has to be optimized in order to obtain smooth facets. 
5: Removing the photoresist with acetone. 
Fig 2.6 shows the SEM image of the real laser facet after following the procedure 
described above successfully. It is very smooth and RMS roughness was around 2 nm 
examined by AFM as shows in Fig 2.7. 
 
Figure 2.6:  SEM image for the laser facet of a GRINSCH-DH 
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Figure 2.7: AFM image for the laser facet of the GRINSCH-DH 
 
In conclusion, we successfully made laser facet within RMS roughness value of 2 nm by 
following the steps of dicing, cleaving and etching. The cleavage plane was parallel to (1-
100) plane and is highly reproducible in our fabrication. 
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Chapter 3  
Development of AlGaN-based deep UV emitters in a GRINSCH double 
heterojunction design 
3.1 Introduction 
As mentioned earlier, deep UV semiconductor lasers will find a large number of 
applications, including free space non-line-of-sight communications, identification of 
biological and chemical agents and a variety of medical applications [Moustakas et al., 
2011, 2012]. Their low dimensional structure in compact-size, suitable wavelength range 
and high reliability, raised considerable interest in both research and industry. In the 
group III-nitride alloy semiconductor family, the AlGaN alloys are the most versatile for 
design and fabrication of emitters that span the UV spectrum from the UV-A (400–320 
nm) through the UV-B (320–280 nm) to the UV-C (280–200 nm). In spite of the 
extensive research worldwide, only optically pumped deep-UV lasers (220 ~ 250nm) 
based on AlGaN structures have been reported at relatively high threshold power [Takano 
et al., 2004; Wunderer et al., 2011]. The shortest wavelength of electrically injected lasers 
is 336nm [Yoshita et al., 2009]. The pursuit of AlGaN-based deep UV lasers is very 
challenging due to: (a) difficulty in growing high Al-content AlGaN material; (b) 
difficulty in getting high quality and conductive n-type and p-type doped AlGaN films; (c) 
difficulty in forming high reflectivity laser facets; and (d) lack of a systematic study and 
optimization of the optical gain medium and waveguide formation in AlGaN-based deep 
UV emitters, both in theoretical simulation as well as experimental demonstration.  
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In this chapter, we focus on the design, growth by MBE, and characterization of the 
crystal structure and optical properties (emission and optical gain) of the AlGaN double 
heterostructures having a GRINSCH design. These devices were grown on the Si-face of 
6H-SiC substrates by PA-MBE. Strong compositional fluctuations were introduced in the 
active region (all Al0.72Ga0.28N films grown under Ga-rich condition [Moustakas and 
Bhattacharyya 2011, 2012]. Structure and microstructure characterizations were carried 
out by SEM, AFM, XRD and TEM. Simulations were used to determine the optical 
confinement and the band structure of the devices. Optical gain measurements as well as 
electron-beam pumping on various GRINSCH structures provide evidence of stimulated 
emission and reasonable optical gain.  The polarization of light emitted from high Al 
content AlGaN GRINSCH emitters was also investigated. As a result, we concluded 
AlGaN alloys having a GRINSCH design have the potential for the realization of an 
electrically pumped deep UV semiconductor laser.  
3.2 Material and device growth 
The AlGaN-based GRINSCH double heterostructures were grown by PA-MBE on the Si-
face of (0001) 6H-SiC substrates. The MBE system is equipped with an EPI Unibulb rf 
plasma source for nitrogen activation and traditional effusion cells for the evaporation of 
Al, Ga and In. The substrate temperature during growth was monitored using a 
thermocouple placed in the cavity behind the substrate. The temperature was also 
measured with a pyrometer and it was found to be significantly lower than the former. 
However, it should be stressed that neither of these two temperature measurements is the 
actual temperature of the growing film. The substrate preparation and film growth were 
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monitored by reflection-high-energy-electron diffraction (RHEED) using 10 kV as the 
acceleration voltage. The SiC substrates were first carefully cleaned ex situ in organic 
solvents then dipped into heated piranha and then finally immersed in buffered HF to 
remove surface contaminants and oxides.  In addition, the substrates were cleaned in situ 
by exposure to Ga flux at 750 ºC for complete Ga coverage followed by fast heating to 
820 ºC for Ga desorption. This process was found to lead to a sharp RHEED pattern, 
which is attributed to the removal of oxygen, carbon, hydrogen and other physisorbed or 
chemisorbed impurities through the formation of volatile Ga-compounds.   Figure 3.1 is a 
schematic diagram of the growth sequence used for the deposition of a laser structure in 
the GRINSCH configuration   
 
Figure 3.1: Schematic diagram of the growth sequence of a deep UV GRINSCH 
structure 
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One important factor for the epitaxial growth of nitride alloys by PA-MBE on the Si-face 
of SiC substrates is avoidance of the formation of amorphous SiN by the reaction of the 
active nitrogen produced by the plasma source with the surface of SiC. To address this 
potential problem, we followed a method first suggested by Okumura and co-workers 
[Okumura et al., 2011]. We first deposited a few monolayers of Ga to cover the SiC 
surface at 820 ºC (the pyrometer reading was 680 ºC) then activated and stabilized the 
plasma source and initiated the AlN growth. Following this step we ramped the substrate 
temperature to 850 ºC (the pyrometer reading was 725 ºC) to grow the rest of the AlN 
film.  In this sequence, if any active nitrogen leaked around the shutter during the 
activation and stabilization of the plasma it would form a few monolayers of GaN, which 
protects the surface of SiC from converting into SiN. Figures 3.2(a) and (b) show the 
RHEED patterns recorded along the [10-10] and [11-20] azimuths of a 6H-SiC substrate 
after the ex situ and in situ surface preparation. The observed 3x1 surface reconstruction 
is evidence of good 6H-SiC surface preparation.  
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(a)       (b) 
       
                           (c)                                                                   (d) 
Figure 3.2: RHEED patterns of 6H-SiC showing 3x1 reconstruction (a) (1-100) azimuth; 
(b) (11-20) azimuth; 2x2 surface reconstruction after the growth of AlN on the 6H-SiC (c) 
(1-100) azimuth; (d) (11-20) azimuth.  
 
As in any heteroepitaxy, the growth of AlN on SiC proceeds via the formation and 
coalescence of islands. These islands tend to be small due to the high chemical affinity of 
Al for N. This growth mode leads to AlN films with columnar microstructure. In general, 
threading defects, in heteroepitaxially grown nitride semiconductors at relatively low 
temperatures, occur primarily at the boundaries of the domains due to incomplete 
coalescence of the islands [Moustakas et al., 2011, 2012, 2013]. Ga was also employed as 
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a surfactant during AlN growth in order to improve the microstructure of the films. An 
additional potential advantage of using Ga as a surfactant during growth of AlN is the 
reduction of oxygen incorporation into the films [Moustakas et al., 2011, 2012].. This is 
because oxygen reacts with Ga and forms volatile GaO species. Figures 3.2 (c) and (d) 
show the RHEED patterns for an AlN film grown on a 6H-SiC substrate. The bright and 
streaky RHEED patterns are both indicative of smooth AlN films.  
 
The investigated device structure is shown schematically in Fig. 3.3. It consists of 500-
nm AlN cladding layer, followed by 50-nm AlxGa1-xN film graded linearly from x=1 to 
x= 0.8. The active region of the device consists of 75 nm of Al0.72Ga0.28N, followed by 
the 50-nm AlxGa1-xN graded linearly from x=0.8 to x= 1 and 100nm AlN cladding layer.  
 
Figure 3.3: Schematic of the investigated GRINSCH double heterostructure. 
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The bottom and top graded AlGaN layers were grown by varying linearly the Al flux, 
since Ga incorporation in AlGaN alloys is only determined by the Al flux [Iliopoulos and 
Moustakas, 2002]. The AlGaN waveguide layer can be designed to be either linear or 
parabolic in shape. In this GRINSCH-DH, the Al mole fraction was changed linearly 
from 100% to 80% in the bottom graded AlGaN layer, and was reversed in the top layer.  
Both of these layers were grown under stoichiometric growth conditions (III/V=1) in 
order to avoid the formation of deep band structure potential fluctuations. FIG 3.4(a) and 
FIG 3.4(b) shows the RHEED pattern during growth of the compositionally graded 
regions under the III/V = 1. The diffraction pattern is streaky and bright indicating good 
epitaxial growth.  
 
                            
Figure 3.4:  RHEED patterns of graded AlGaN layer during the growth along (a) (11-20) 
azimuth; (b) (1-100) azimuth. 
 
During growth of the graded layers, an extremely high Indium flux (2x10-6Torr) was 
introduced to act as a surfactant and assist further in the formation of a smooth 
waveguide layer and to improve crystal quality [Monroy, 2001].  Without deep potential 
fluctuations in the graded layer, the photo-excited carriers from the graded layers can be 
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driven by internal field or diffusion into the active region. By optimizing the thickness of 
the graded AlGaN layers, better optical confinement and carrier confinement in the 
GRINSCH laser can be achieved. Additionally, the graded AlGaN layer will not only 
confine the light propagation within the active layer vertically, but it also acts as a strain 
release layer between the active and cladding layers as will be discussed later. Eventually, 
the employment of an asymmetric waveguide layer would be another way to balance out 
the optical confinement, carrier confinement, and existence of strain in any future device 
design. FIG 3.5(a) and FIG 3.5(b) shows the growth profile of the bottom graded AlGaN 
layer and the corresponding change in Al flux. 
                
Figure 3.5: (a) Variation of the AlN mole fraction in the investigated GRINSCH 
structure; (b) Variation of the BEP and corresponding change of the AlN mole fraction 
during growth of the bottom graded layer.  
 
 The active layer consists of 75nm Al0.72Ga0.28N film, grown under Ga-rich conditions at 
substrate temperature of 785°C. This was done to allow for the formation of deep band 
gap potential fluctuations [Moustakas et al., 2012; Liao et al., 2011; Zhang et al., 2012; 
Bhattacharyya et al., 2009]. Such band-structure potential fluctuations result in 
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localization of the injected excitons even at room temperature, which prevents them from 
diffusing and recombining nonradiatively at extended and point defects. As discussed in 
[Moustakas et al., 2012; Liao et al., 2011; Zhang et al., 2012; Bhattacharyya et al., 2009], 
such band-structure potential fluctuations lead to quantum wells and LEDs with internal 
quantum efficiency as high as 70% [Zhang et al., 2012].  FIG 3.6(a) and FIG 3.6(b) 
shows the RHEED pattern in the [11-20] and [10-10] azimuths during growth of the 
active region under Ga-rich condition. The dim and smooth diffraction pattern is the 
result of excess Ga in the surface during growth.   
                                  
Figure 3.6: RHEED patterns of active layer along (a) (11-20) azimuth; (b) (1-100) 
azimuth. 
 
In effect, the growth mode with liquid Ga in the AlGaN growth front has changed from 
physical vapor phase epitaxy to liquid phase epitaxy (LPE). [Moustakas and 
Bhattacharrya 2011, 2012] The driving force for the LPE growth mode by PAMBE 
comes from the concentration gradient produced by the constant supply of Al and N. Due 
to thickness fluctuations of the liquid Ga this growth mode leads to compositional 
inhomogeneities and thus, band-structure potential fluctuations. Photo-excited electron-
hole pairs are localized in those potential minima which prevent them from migrating and 
recombining non-radiatively in dislocations or other defective centers. Another advantage 
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of growing AlGaN under Ga rich condition is that arriving oxygen impurities are not 
incorporating in the AlGaN film since they form volatile gallium oxides, same as in the 
AlN cladding layer.  
3.3 Simulation of optical confinement and band structure  
The TM polarized optical-mode confinement in the GRINSCH double structure, 
described in Fig. 3.3, was determined using a commercially available simulation tool 
(Comsol Multiphysics). Figures 3.7 (a) and (b) show the optical mode near-field profile 
and the vertical profile of index of refraction and optical mode respectively. Refractive 
indices at an emission wavelength of 257nm of 2.3766, 2.4684 and 2.70439-0.3277x   
(0.8≤x≤1) were used for the AlN, Al0.72Ga0.28N and graded AlxGa1-xN layers respectively 
[Brunner et al., 1997]. As illustrated by the calculated transverse mode profile in Fig. 
3.7(b), the optical mode was well confined by the graded AlGaN film, with an optical 
confinement factor, Γ, in the active region of the device of 32.5%, which is a significant 
improvement over the reported 1~3% for most InGaN and AlGaN MQW-based lasers 
[Yoshida et al., 2008. 2009].  
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(a) 
 
 (b) 
Figure 3.7: (a) Optical mode near field profile; (b) Vertical profile of index of refraction 
and optical mode. 
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The energy band diagram, of the device described in Fig. 3.3, was found by solving self 
consistently the Schrodinger and Poisson’s equations. The results are shown in Fig. 3.8. 
These calculations were done using a commercially available software package 
(Crosslight LASTIP). This band structure clearly indicates the formation of a p-n junction 
due to polarization n- and p-type doping of the AlGaN graded layers on either side of the 
active region (Simon et al., 2010; Verma et al., 2011). In Figure 3.8 we also show the free 
carrier concentration in the p-and n-sides of the junction. It should be stressed that this 
level of doping (~1018cm-3) was obtained without the use of dopants. Thus, this 
GRINSCH structure has the potential for the development of a deep UV electrically 
pumped laser. 
 
Figure 3.8:  Simulated energy band diagram of GRINSCH structure 
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3.4 Crystal structure and microstructure 
 
The surface morphology of the investigated GRINSCH structure was studied by SEM 
and AFM, and the crystal structure and microstructure were investigated by on-axis XRD, 
off-axis reciprocal lattice mapping, and TEM imaging.  
 
Figure 3.9(a) shows a 2µm x 2µm AFM image indicating that the RMS roughness of the 
sample is 0.79 nm. Optical microscopy images of the sample (not shown in this paper) 
show no evidence of cracks. Figure 3.9 (b) shows a cross-section SEM image of the 
entire device structure cleaved along the (10-10) face (m-plane).  These data indicate that 
formation of mirror laser facets by cleaving will be possible in these structures.  
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(a) 
 
(b) 
Figure 3.9: (a) AFM Surface morphology and (b) cross section image of the GRINSCH 
structure. 
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Figure 3.10 (a) shows the on-axis XRD θ-2θ scan of the GRINSCH structure. The Al-
content of the active region was determined by XRD to be 68%, which is smaller than the 
content determined from beam fluxes during growth (72%). This is the result of 
compressive strain as confirmed by the intensity contour plot around the (10-15) 
reciprocal lattice point as shown in Fig. 3.10 (b).  These data indicate that the AlN 
cladding layer is partially relaxed with respect to the SiC substrate, while the AlGaN 
active region is likely to be coherent to the Al0.8Ga0.2N of the graded AlGaN wave 
guiding layer.  
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(a) 
 
(b) 
Figure 3.10: (a) θ-2θ Scan of the investigated structure; (b) Off-axis AlN (-1015) 
reciprocal lattice mapping. 
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Figure 3.11 shows a cross-sectional electron micrograph, recorded close to the [11-20] 
projection, of the GRINSCH structure. Dense threading dislocations (TDs) were formed 
at the nucleation interface between AlN and SiC and propagate along the growth 
direction. Threading dislocation loops and annihilation in some areas of the sample is 
obvious (zone 1), while other TDs propagated through the AlN film in some areas (zone 
2).  However, many of the TDs terminate at the AlN / graded AlGaN layer, as shown in 
the enlarged image at the right. The likely cause for the dislocation termination at this 
interface is the strain associated with the compositionally graded AlGaN wave guiding 
film. Thus, the graded AlGaN film not only provides strong optical and carrier 
confinement, but it also relieves strain between the cladding AlN layer and the active 
layer by serving as a strain transition buffer. These results indicate that the 
compositionally graded AlGaN layer with an optimum thickness and growth conditions 
can effectively block the TDs in the vicinity of the AlN / AlGaN heterointerfaces and 
reduce the density of TDs present in the active layer. Thus, the smaller the islands are the 
higher is the density of threading dislocations. Growth under these conditions leads to 
defect densities in the epitaxial structures estimated to be about 108 cm-2, as reported 
previously [Pecora et al., 2012]. 
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Figure 3.11: TEM cross sectional micrograph of the GRINSCH structure, as recorded 
close to the [11-20] projection.      
 
3.5 Optical properties 
3.5.1 Light polarization and optical gain characterization 
The PL spectra, shown in Fig. 3.12, were collected from the edge of the sample at 
different angles , of the analyzer in order to investigate the polarization properties of the 
emitted light. The highest signal was measured for  = 0, corresponding to p 
polarization (TM mode). The PL signal decreased monotonically as the angle  was 
increased, and eventually had its minimum for  = 90, corresponding to s polarization 
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(TE mode). Thus, the emitted light is strongly TM polarized, and a TM/TE ratio of about 
10 is measured. Such a result is expected for bulk AlGaN films with 70% AlN mole 
fraction [Nam et al., 2004].  
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Figure 3.12:   Polarization dependent PL spectra at different analyzer angles 
 
In Fig. 3.13 we report the measured edge emission spectrum intensity normalized by the 
excitation fluence as a function of the wavelength. This normalization better emphasizes 
the super-linear behavior of the emitted intensity. All the spectra would line up if the 
edge emission depended linearly on the pumping fluence. On the other hand, we observe 
that the intensities of the edge-emission spectra evolve non-linearly with the pumping 
fluence. This behavior corresponds to the super-linear Amplified Spontaneous Emission 
(ASE) from the sample. We do not observe any significant spectral shift within the 
accessible fluency range. 
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To better highlight this trend, we report in Fig. 3.14(a) the ASE intensity measured at the 
fixed wavelength of 257nm (the peak wavelength) as a function of the pumping fluence. 
The measured intensity has a clear non-linear trend, and threshold fluence can be 
established around at 14µJ/cm2. This is strong evidence supporting the occurrence of 
stimulated emission in our structure. Furthermore, all the spectra exhibit a single peak 
and no secondary peaks are observed at longer or shorter wavelengths, indicating that no 
other luminescent defects are present either in the active or in the graded region of the 
sample.  
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Figure 3.13: Measured edge emission spectrum intensity normalized by the excitation 
fluence as a function of the wavelength. (Inset) ASE peak intensity as a function of the 
analyzer angle.  0° corresponds to the s polarization of the emission (TM mode); 90° to 
the p polarization (TE mode). 
 
We have also investigated the polarization properties of the ASE emission in order to 
better understand the origin of the observed luminescence and gain. In the polar plot 
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shown in the inset of Fig. 3.13, we report the peak intensity as a function of the analyzer 
angle. 0° corresponds to the s polarization of the emission (TM mode); 90° to the p 
polarization (TE mode). Intensities have been recorded at the highest pump fluence (60 
µJ/cm2) and they are reported on a linear scale. The emission from the GRINSCH 
structure appears strongly TM polarized. It is well known that the ASE polarization in 
AlGaN materials depends on a number of parameters, such as the Al content, the strain in 
the active layer, and its thickness [Northrup et al., 2012; Zhang et al., 2010 ; Yamaguchi 
et al., 2010; Park et al., 2011]. In particular, a turnover from the TE to the TM 
polarization is expected for an Al content of 60–80%, depending on the actual device 
structure [Yamaguchi et al., 2010; Park et al., 2011]. Our result is consistent with what 
has been already observed in the literature for similar Al composition [Northrup et al., 
2012]. It should be stressed also that the active region in our structure is not a quantum 
well, due to its large thickness, so we do not expect any contribution to the polarization 
shift due to the strain, contrary to what we have previously observed in quantum wells 
with similar Al composition [Pecora et al., 2012].  
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Figure 3.14:  (a) ASE intensity measured at the fixed wavelength of 257nm (the peak 
wavelength) as a function of the pumping fluence. (Inset) VSL traces collected at 
different pumping fluences. (b) The entire set of measured net modal gain values as a 
function of the pumping fluence. 
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We report in Fig. 3.14(a) the ASE intensity measured at the fixed wavelength of 257 nm 
(the peak wavelength) as a function of the pumping fluence. The measured intensity has a 
clear non-linear trend, and threshold fluence can be established at around 14 µJ/cm2. This 
is strong evidence supporting the occurrence of stimulated emission in our structure. 
Furthermore, all the spectra exhibit a single peak and no secondary peaks are observed at 
longer or shorter wavelengths, indicating that no other luminescent centers are present 
either in the active or in the graded region of the sample. In the inset of Fig. 3.14(a) we 
report the VSL traces collected at different pumping fluences. Data are normalized for a 
better comparison. Continuous lines represent the best fitting to the experimental data 
according to the model of a 1D optical amplifier system. We use this model to determine 
the net modal absorption/gain coefficient of the material at different pumping fluences for 
the same detection wavelength (257 nm). First, we should note the different character of 
the VSL traces with increasing pumping fluence. At the lowest fluence (5 and 12 µJ/cm2), 
the corresponding VSL trace is concave. The results are similar for lower fluences. As a 
consequence, the fitting procedure results in a negative term, i.e. modal absorption values. 
On the other hand, the traces turn into a convex function by only varying the excitation 
fluence. In particular, we determine for both 40 and 60 µJ/cm2 a positive net modal gain 
value. In Fig. 3.14(b) we report the entire set of measured net modal gain values as a 
function of the pumping fluence. First, it should be noted that a transition from negative 
to positive values occurs at 14 µJ/cm2. The optical transparency threshold indicates the 
onset of stimulated emission in the amplifier, and the measured value is well consistent 
with the one determined in Fig. 3.14(a) from the pump power dependence of the edge 
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emission. Given our transient excitation regime, the effective photogenerated carrier 
density depends only on the pump fluence E, the absorption coefficient αp and the photon 
energy hνp [Lambert et al., 2007]. 
 
Considering a typical absorption coefficient of 105 cm−1 at this wavelength (Brunner et al., 
1997), we estimate a density of excited carriers at gain threshold of 1.55 x 1018 cm−3. 
This value is quite low for a bulk material in the deep-UV wavelength range (usually in 
the range of low-1019 cm−3 [Wunderer et al., 2011; Oto et al., 2014; Zhang et al., 2010]. 
However, previously reported numbers do not consider the effect of the graded structure 
in increasing the optical confinement factor and the carrier funneling into the active 
region of the device. Moreover, it has been demonstrated that using a pulse width much 
shorter than the PL decay time reduces the optical gain thresholds and increases the net 
modal gain compared with the quasi-steady state excitation conditions [Lambert et al., 
2013;]. We note also that, contrary to what is expected for a bulk material, the net modal 
gain in our sample saturates for a pumping power of 20 µJ/cm2 (very close to the optical 
threshold). For any higher fluences, the net modal gain keeps its value at around 80 cm−1. 
This trend has already been observed in nanocrystal quantum dots of different materials 
[Klimov et al., 2000; Arakawa, 2012], and it is consistent with the presence of 
compositional fluctuations in the active layer of the laser structure. The net modal gain 
eventually starts to decrease at the highest fluences most likely due to the onset of 
thermal effects. From the measured net modal gain and the calculated confinement factor, 
  
 
72 
we estimate that the material gain for these bulk Al0.72Ga0.28N films is about 250 cm
−1. 
We have reported previously [Pecora et al., 2013] that Al0.72Ga0.28N /AlN multiple 
quantum wells (MQWs) have a net modal gain of about 125 cm−1. Since the confinement 
factor for such MQWs is of the order of 1-2%, the estimated materials gain for such 
MQWs is of the order of 6,000 to about 12,000 cm−1. The superior gain properties of the 
MQWs compared to bulk films of similar composition are attributed to better carrier 
confinement in the MQWs, which prevents them from diffusing and recombining at non-
radiative recombination centers. Based on this discussion, we anticipate that the proposed 
GRINSCH structure will have even higher optical gain if the active region is made of a 
single or multiple AlGaN quantum wells. 
3.5.2 Electron beam pumped (Cathodoluminescence) study 
So far the development of deep UV lasers has only be obtained by optical pumping 
[Takano et al., 2004; Wunderer et al., 2011]. The slow progress in developing an 
electrically pumped deep UV laser is attributed to the difficulties of doping n-and p-type 
of the AlGaN alloys with high AlN mole fraction as well as the difficulties in forming 
Ohmic contacts to such n- and p-layers. Oto et al. [2010] demonstrated 100 mW deep-UV 
emission from multiple quantum wells pumped by an electron beam, paving the way for 
the realization of compact and portable e-beam pumped devices at these wavelengths. In 
this section, we propose the development of electron beam pumped deep UV laser based 
on AlGaN alloys with GRINSCH DH structure.  
 
Electron beam excitation studies on GRINSCH-DH were conducted at room temperature 
  
 
73 
in a JEOL JSM-6100 scanning electron microscope system fitted with an Oxford 
Research Cathodoluminescence setup equipped with a Gatan Mono CL2 system. The 
electron beam current was varied between 88 x 10-9 A and 3.9 x 10-6 A at an acceleration 
voltage of 10KV and the edge CL emission collected by a parabolloidal mirror to a 
photomultiplier. The excitation is done in a scanning mode in which the electron-beam 
raster the surface during measurement.        
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Figure 3.15:  (a) CL spectra under different pumping currents (b) CL intensity versus 
pumping current. 
 
The optical properties were investigated by electron-beam pumping at an accelerating 
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voltage of 10 kV and electron-beam current varying from 10 nA to 4 µA. The spectra 
show a single symmetric peak at 257 nm with a superlinear increase in the CL intensity 
of the emitted light (see Figures 3.15(a) and (b)). These results provide evidence of the 
onset of stimulated emission in these GRINSCH structures at room temperature. 
        
Figure 3.16: shows CL spectra under different injection electron beam currents. 
 
CL Spectra were taken in different spots over sample under identical e-beam pumping 
condition. No occurrence of peak shift and significant change of peak intensity indicated 
high uniformity of the film. In addition, there was no deep level light emission (~450nm), 
which meant no oxygen incorporation in the AlN cladding film. No Ga droplet was found 
even though the active layer was growing under extremely metal rich (III/V>>1) 
conditions. There is a small shoulder on the left of major peak, which is consistent with 
the PL spectra, indicating the electron-hole recombination in the graded AlGaN layer. 
Further evidence of stimulated emission is also presented in the spectral narrowing shown 
in Figure 3.16.  
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3.6 Temperature dependent of PL 
The PL spectra of these samples were measured as a function of temperature between 12 
K to room temperature inside a closed-cycle He cryostat. The sample was excited by a 10 
mW He–Ag laser emitting at 224 nm. Temperature dependence of peak energy and peak 
intensity are plotted in Figure 3.17.   
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Figure 3.17: (a) Temperature dependence of peak energy for the investigated GRINSCH 
sample; (b) Temperature dependence of peak intensity 
 
It is clear that for this sample the PL peak energy exhibits an anomalous S-shaped shift 
behavior with increasing temperature, in contrast to a typical Varshni-type bulk energy 
gap dependence, which increases monotonically as temperature decreases. The behavior 
observed in the low temperature region (below 90K) can be explained in terms of 
localization of the excitons in the active layer [I. Friel et al., 2006]. At extremely low 
temperature (~10K), the excitons are trapped by alloy related random potential 
fluctuations. This interesting behavior is a good signature for the fluctuation in the ratio 
of III/V elements and is attributed to the recombination of excitons from disorder-induced 
band tail states. At 10K, these localized excitons contribute mainly to the luminescence, 
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since they do not have enough thermal energy to be activated. A slight increase in 
temperature (40-50K) allows the excitons to migrate.  Thus they can find the deeper local 
minima of the fluctuating potential, which leads to decreased peak energy. Increasing the 
temperature further allows these excitons to escape from these traps.  This results in an 
increase of peak energy between 20k to 90k. Above this temperature excitons are no 
longer localized. Based on the temperature dependence of peak intensity data, we can 
extract the internal quantum efficiency IQE= PL intensity (RT)/ PL intensity (LT) =19%. 
3.7 Carrier lifetime measurement 
Time-resolved photoluminescence (TRPL) was taken on the investigated GRINSCH 
structure using a time-correlated single photon counting (TCSPC) technique with ~25 ps 
resolution. This measurement was done in the Army Research Laboratory.  
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Figure 3.18: Room temperature TRPL signal under different pumping fluence. Lifetimes 
are for initial fast decays. ND00 and ND23 are excitation fluence representing 87.7 
µJ/cm2 and 0.15 µJ/cm2 respectively.   
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The room temperature time-resolved photoluminescence (TRPL) studies are shown in Fig. 
3.18. The photogenerated carrier lifetime in the 75nm AlGaN film grown on the 6H-SiC 
substrate is 0.3-0.4 ns under different pumping fluence. Such long carrier lifetime is 
attributed to inhomogeneities in the AlGaN films grown by PAMBE under liquid phase 
epitaxy. The carriers fall into the minimum energy levels and are trapped in the valley of 
bands introduced by the deep potential fluctuation. As mentioned earlier, the achievement 
of large optical gain and lower threshold pumping power highlights the benefit of 
introducing band-structure potential fluctuation even in bulk AlGaN film. In conclusion, 
long carrier lifetime of 0.3 - 0.4ns was also obtained. This low threshold value and long 
lifetime of carriers is attributed to compositional inhomogeneities under LPE mode. 
 
3.8 Light polarization characteristic with various thickness of Al0.72Ga0.28N in 
active layer 
For most visible and near-infrared LEDs and lasers, the emitted light is mainly 
transverse-electric (TE) polarized. However, for deep UV emitters with a high aluminum 
mole fraction in the active region, as shown in previous results (with a thickness of 75nm 
Al0.72Ga0.28N), the peak emission is transverse-magnetic(TM) polarized.  Nevertheless, a 
TE polarized mode was observed in AlGaN-based (high aluminum content (> 75%)) 
emitters. Theoretical and experimental studies revealed that the light polarization in 
AlGaN materials depends on a number of parameters, such as the Al content, the strain in 
the active layer, temperature as well as impurity doping. In this work, we focus on the 
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light polarization of AlGaN-based GRINSCHs by varying film thickness in active layer.  
3.8.1 Basics of light polarization in AlGaN material 
Both theoretical and experimental studies have been carried out for analyzing the optical 
properties of AlGaN based emitters (LEDs and lasers). For deep UV emitters with a high 
aluminum mole fraction in active layers grown on c-plane sapphire or SiC substrates, 
there is a tendency for the polarization of light switch from TE-polarized to TM-polarized 
with the decrease in emission wavelength.  The reason for this change in polarization is 
rearrangement of the valance bands at the Γ point of the Brillouin zone [Nam et al., 2004 ; 
Zhang et al., 2010]. However, the polarization of light can be controlled by engineering 
the strain in the active layer through tuning the thickness and composition of the quantum 
wells as well as in barriers in MQWs based deep UV emitters. It has also been reported 
that the temperature could also change the valence band arrangement. In most of MQWs-
based optically pumped lasers, TE-polarized still can be achieved with Al mole fraction 
up to 85% by optimizing the strain effect on the valence band ordering. In the bulk 
AlGaN material, experimental results have been reported on 1um AlGaN on c-sapphire 
and the polarization switches from TE mode to TM mode at x=0.25 as the Al 
composition increase. However, Zhang et al. (Zhang et al., 2010) calculated the valence 
band edge energy levels (HH, LH, and CH) for bulk AlxGa1-xN ternary compounds in 
which the turnover point between HH/LH bands and CH bands was at x=52.7%. In 
another words, AlxGa1-xN films with x>52.7 the TM-polarization becomes the dominant 
one. So far, it is totally clear of how the various parameters, like growth condition, film 
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thickness, strain, or evening doping affect the light polarization emitted from AlGaN 
films affect the change of polarization from TE to TM.  
3.8.2 Device design and growth 
In terms of our work, the novelty of the III-V material system extends even further when 
one considers GRINSCH structure containing AlGaN. The introduction of GRINSCH 
promoted better carrier and optical confinement, and as a matter of fact, consequently led 
to achievement of a large optical gain. Optical polarization study shows a TM-polarized 
emission with 75 nm Al0.72Ga0.28N as the active layer. This result is consistent with what 
has been already observed in literature, regarding similar Al composition. However, a 
systematic study on the polarization properties of AlGaN based GRINSCH emitter is 
required in order to optimize device structure for laser application. 
 
Here, we present the optical polarization study of a series of GRINSCH emitters with 
Al0.72Ga0.28N in the active region. All GRINSCHs were grown on (0001)6H-SiC by 
PAMBE. The structure is the same as Figure 3.1 which consists of 500nm AlN cladding 
layer, followed by 50 nm AlxGa1-xN linearly graded from x=1 to x= 0.8. The active 
region of the four device consists of 1.5nm, 50nm, 75 nm, and 100nm Al0.72Ga0.28N 
respectively, followed by 50 nm of AlxGa1-xN linearly graded from x=0.8 to x= 1 and a 
100nm AlN cladding layer. Surfactants were employed during the growth of the various 
layers in order to improve their crystal quality. In particular the active region was grown 
under Ga-rich conditions, a growth mode that promotes the development of deep band 
structure potential fluctuations. Samples were all grown under identical growth condition.   
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3.8.3 Optical properties  
The room temperature PL measurements were conducted with a 10 mW He–Ag laser 
emitting at 224 nm and the results are shown in Fig. 3.19. The data shows that all 
GRINSCH samples exhibit a sharp near band edge emission. The PL peak intensity of 
sample with 100nm Al0.72Ga0.28N in active layer is 10 times higher than the sample with 
1.5nm.It is important to stress that although the thickness of active layer was increased 
from 1.5 nm to 100 nm, they all have identical peak wavelengths at 257nm±1nm (the 
variation of peak wavelength is around 1 nm). As mentioned above, the active layer was 
grown under excess of Ga, which means the growth mode was dominated by liquid phase 
epitaxy rather than physical phase epitaxy. Under this growth mode, there were vertical 
and lateral compositional inhomogeneities introduced in the AlGaN films. These AlGaN 
films exhibit a strong stokes shift in their luminescence peaks compared to the absorption 
edge of Al0.72Ga0.28N. This further confirms the existence of compositional 
inhomogeneities in the films. There is a small shoulder on the left of major peak emitting 
at 234nm, which is mainly due to carrier recombination in graded AlGaN layer. Another 
deep level emission (280nm) is also observed on the right shoulder of main peak and 
becomes more prominent with increase in thickness of the Al0.72Ga0.28N active layer. This 
is due to potential fluctuations. The spectral width is around 12nm.   
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Figure 3.19: PL spectral of GRINSCH structures with active region having different 
thickness as indicated in the figure.  
 
In addition to the ASE signal obtained from the sample with 75nm Al0.72Ga0.28N in the 
active region, a series of ASE signals were also collected from other three samples. All 
emissions were measured from the cleaved edge in each sample under femtosecond 
optical pumping.   
 
In Figure 3.20, we show the ASE peak intensity measured at 257 nm as a function of the 
pump fluence in four samples that were investigated.  A clear super-linear dependence on 
increasing pump fluence was observed only in the sample with 75nm Al0.72Ga0.28N in the 
active layer. In contrast, the other samples with 1.5nm, 50nm, 100nm Al0.72Ga0.28N show 
sub-linear or linear dependence on the pumping fluence. At this stage we do not know the 
exact reason why only the sample with 75 nm active region shows evidence of stimulated 
emission. One possible explanation is presented in Section 3.5.7 below. The 
  
 
82 
measurements in Figure 3.19 were done in the surface emission while those of Figure 
3.20 were done in the edge emission mode. However as discussed below in Figure 3.22, 
the ratio of TM/TE polarization is different in these samples. 
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Figure 3.20: ASE peak intensity measured at 257 nm as a function of the pump fluence 
with (a)100nm Al0.72Ga0.28N;   (b)75nm Al0.72Ga0.28N;    (c)50 nm Al0.72Ga0.28N;  
(d)1.5nm Al0.72Ga0.28N 
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Figure 3.21: Polar plot: ASE intensity at 257 (dots) as a function of the angle of the 
analyzer with (a)100nm Al0.72Ga0.28N;   (b)75nm Al0.72Ga0.28N (c)50 nm Al0.72Ga0.28N;  
(d)1.5nm Al0.72Ga0.28N 
 
To better understand the nature of major peak from the active region, we measured the 
emitted light polarization properties and show the result in the polar plot in Figure 3.21. 
We found that the emitted light peaking at 257 nm is TM-polarized in all four samples. 
These results are consistent with theoretical calculations [Yamaguchi et al., 2010; Zhang 
et al., 2011] as well as experimental studies [Northrup et al., 2012]. In theory, the 
turnover point for the switching between TE and TM polarization in bulk AlGaN should 
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have occurred at a lower Al content of AlGaN (around 56%). In experiments, the light 
polarization switches from the TE mode to the TM mode at x=0.25 in 1um AlGaN bulk 
films grown on sapphire. It should be pointed out that our studies were conducted on SiC 
substrate. Lots of experimental results showed the dominance of TE-polarized over TM-
polarized modes in extremely thin quantum well with high aluminum mole fraction. 
However, in our study, the sample with 1.5nm Al0.72Ga0.28 still emits in a TM mode. 
This phenomenon could be due to the existence of graded wave-guiding layers, which 
serves as a strain releasing layer.  In order to obtain a TE-polarized emitter, an even 
thinner active layer might be required.  
3.8.4 Strain analysis based on XRD 
High resolution X-ray diffraction (HRXRD) measurements were also conducted. The 
aluminum content of active layer in each sample was determined by HRXRD. Fig 3.22 
shows the on axis θ-2θ scan of the (0002) reflection. SiC(00.6), AlN(00.2) and AlxGa1-xN 
peaks are well defined. The composition of the active region (Al0.72Ga0.28N) was 
determined to be 68%, 69%, 72% for an active layer thickness of 75nm, 50nm, 100nm 
respectively. The AlGaN peak in the sample with a thickness of 1.5nm in the active 
region is too thin to be resolved. It is found that the Al compositions calculated from 
XRD data in the samples with the thickness of active layer of 50nm and 75nm are smaller 
than the composition determined by beam fluxes during growth. In other words, with an 
increase in thickness of the bulk Al0.72Ga0.28N in the active layer, the zero order X-ray 
peak of the active region shifts towards the AlN main peak.  This indicates a decrease of 
the compressive strain in the active region with respect to the 6H-SiC/ AlN template with 
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increase in the thickness of the bulk Al0.72Ga0.28N in the active layer. The active layer 
Al0.72Ga0.28N is completely relaxed within the GRINSCH structure at the thickness of 
100nm or above. However, the graded layer is not visible at this reflection due to its very 
low intensity. 
 
Figure 3.22: θ–2θ scans of the (00.2) reflection of the AlGaN GRINSCH laser with 
different thickness of Al0.72Ga0.28N active layer 
 
3.8.5 Discussion and conclusion 
As shown in FIGURE 3.12, from the polarization dependent PL spectra at different 
analyzer angles, , a TM/TE ratio of about 10 is measured.  The same methodology was 
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also applied to determine the other samples and their TM/TE ratio were obtained from 
Figure 3.21. The ratio of TM / TE is 14.1, 52.3, 10, and 5.3 for the samples with 1.5nm, 
50nm, 75nm, 100nm active layer respectively. In addition, later we grew a device with a 
thickness of 200nm in active layer in which the TM/TE is 3.5. Finally, the TM/TE ratio 
was plotted against the thickness of the active layer as shown in Figure 3.22. All devices 
are TM polarized as expected for bulk AlGaN films with an AlN mole fraction as high as 
70%. However, there is a dramatic difference in the TM/TE ratios. 
 
Figure 3.23: TM/TE rations versus active layer thickness 
 
The trend seen with the TM/TE ratios in Figure 3.22 indicates that the ratios are strongly 
related with the strain in AlGaN films. There is a maximum TM component at around a 
thickness of 1.5nm – 200nm of the active layer in high aluminum mole fraction AlGaN 
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film. The active layer is completely relaxed above a thickness of 100nm and the emitted 
light tends to be TM-polarized but with low TM/TE ratio. For the active layer with a 
thickness below 100nm, all films are under compressive strain as confirmed by HRXRD. 
The thinner the AlGaN film, the stronger the strain is and in contrast, the thicker the 
AlGaN film the more relaxed the film is. Depending on the strain strength, there is a 
maximum TM/TE ratio. As we expected, the thinner the active layer (<50nm), the more 
component of TE-polarized light contributes to total polarization of light. This result is 
consistent with the data from Park et al where they found TE-polarized emission to 
dominate in thin quantum wells. In AlGaN based MQW structures, TE-polarized light 
emission can still be achieved with Al mole fraction up to 85% with extremely thin 
quantum wells [Northrup et al., 2012]. 
 
Moreover, the introduction of liquid phase epitaxy growth mode could play an important 
role affecting the light polarization. The active regions for all samples listed above were 
grown under Ga-rich conditions (a growth mode that promotes the development of deep 
band structure potential fluctuations). More studies are required to investigate these light 
polarization properties of AlGaN films under LPE mode by MBE. The preliminary 
studies showed that AlGaN film produced under Ga-rich condition have the advantage of 
strong band-structure potential fluctuations, which favors the large optical gains with TE 
polarized emission [Pecora et al., 2012].  
 
In conclusion, optical polarization characteristics of deep UV emitter based on 
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GRINSCH emitting at 257nm with different thicknesses of Al0.72Ga0.28N in the active 
layer have been studied. HRXRDs were performed and the Al0.72Ga0.28N was found to be 
completely relaxed with a thickness of 100nm or above in such structure. In contrast, in 
plane compressive strain dominates in thinner Al0.72Ga0.28N (a thickness of 75nm or 
below). We found light polarizations are strongly influenced by the strain in Al0.72Ga0.28N 
in the active region. Either decreasing the thickness of active layer (<50nm) or increasing 
the thickness of film (>100nm) leads to a more pronounced TE component. This study 
revealed that the increasing in plane compressive strain of Al0.72Ga0.28N in the active 
region promoted more of the TE-polarized component. As a result, in order to achieve a 
TE-polarized light in high aluminum content AlGaN films within a GRINSCH structure, 
an extremely thin quantum well is required, which guides us to further optimize the 
GRINSCH device in future.   
3.9 Summary and conclusion 
In conclusion, we have reported on the MBE growth and characterization of deep-UV-
emitting AlGaN double heterostructure in the form of a GRINSCH configuration. 
Simulation results indicate that the compositionally graded AlGaN wave-guiding layers 
result in significant vertical confinement of the optical mode and the band structure 
simulations indicate the formation of a p-n junction resulting from polarization-induced 
doping. XRD and TEM studies of these structures indicate that the compositionally 
graded AlGaN layer may also be serving as a strain transition buffer, by blocking 
threading defects in the vicinity of the AlN / AlGaN heterointerface, resulting in 
reduction of the TDs in the active layer. Polarization dependent PL studies indicate that 
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the emitted light is strongly TM polarized, a result expected for bulk AlGaN films with 
70% AlN mole fraction. Large optical gain at room temperature in the deep-UV 
wavelength range from this structure was demonstrated, which could pave the way to 
realize sub-250nm electrical injected laser devices. Electron-beam pumping of these 
GRINSCH structures provides evidence of the onset of stimulated emission at room 
temperature. Light polarization characteristics of deep UV AlGaN GRINSCH emitters 
were also investigated. Indeed, there is a tendency for the polarization of emitted light to 
switch from TM to TE when the thickness of AlGaN film dramatically decreases. Future 
studies will focus on the formation of resonant cavities as well more efficient doping of 
the p-and n-layers in order to obtain electrically pumped deep UV lasers. 
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Chapter 4  
Development of AlGaN-based deep UV emitters in a GRINSCH-QW 
design 
 
Tracing back to the invention and the development of semiconductor lasers, we find that 
the first semiconductor lasers were fabricated with homojunctions in 1962 [Hall et al., 
1962]. They had high threshold current density (e.g., 19kA/cm2 at cryogenic 
temperature). Later the concept of heterojunction semiconductor lasers was implemented 
in 1969 with a threshold current density as low as 1600 A/cm2 at room temperature 
[Alferov et al., 1969]. Double heterostructure diodes lasers had both better carrier and 
optical confinement, which improved the efficiency of stimulated emission compared to 
homojunctions lasers and reduced the threshold pumping power. As has been discussed 
in previous chapters, we developed deep UV emitters with GRINSCH structure using 
high Al content bulk AlGaN as the active region. Large optical gain with relative low 
transparent threshold was achieved.  
 
However, all the way to the 1970s, the threshold current density of semiconductor lasers 
was still too high for commercialization using the double heterojunction structure. Up 
until late 1970s, the first single and multiple quantum well lasers were experimentally 
demonstrated with reduced threshold current density about 500A/cm2. This was after the 
concept of quantum well structures for semiconductor lasers was proposed and realized. 
The threshold current density was further reduced to about 65 A/cm2 at room temperature 
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in the late 1980s with strained quantum well lasers. Later on, with the introduction of 
GRINSCH by Tsang, threshold currents as low as 70-80 A/cm2 were achieved in GaAs 
based lasers [Tsang et al., 1981, 1982].  A comprehensive model for GRINSCH-single-
quantum-well AlGaAs diode lasers quantitatively gave us a way of optimizing the 
GRINSCH based laser structure [Chinn et al., 1998; Polland et al., 1988]. Based on the 
model, further reduction in threshold current density using GRINSCH was possible. 
These optimizations resulted in the development of novel ideas of device structure like 
the GRINSCH laser and a reliable growth technology such as MOCVD and MBE.  
 
In this chapter, we study the optical and structural characteristic of AlGaN based deep 
UV emitters with GRINSCH configuration but with single or multiple quantum wells in 
the active region as shown schematically in Figure 4.1. (For comparison, some devices 
discussed here have a non-GRINSCH design and will be identified in the text.) The 
control of growth conditions (Galium flux, Indium flux) and different designs of the 
active region (number of pairs, quantum well and barrier composition as well as thickness) 
will be addressed. AlGaN material gain and device band structure were modeled using 
the commercially available software package LASTIP. It provides a good guidance of 
optimization of MQW-GRINSCH deep UV lasers. All samples mentioned in this chapter 
were deposited on (0001) Si-face of 6H-SiC by PAMBE. The substrates were cleaned 
and prepared ex-situ as well as in-suit according to the procedures described in Chapter 3.      
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Figure 4.1: Schematic of Multiple-Quantum-Well laser in the form of double 
heterostructure. 
4.1 Single-Quantum-Well (SQW) Laser (GRINSCH-SQW) 
In this section we discuss our studies of a number of GRINSCH devices whose active 
regions consists of single QWs of different thickness. A series of such devices were 
grown by PA-MBE and their structures and growth parameters are listed in Table 4.1. 
Table 4.1 Device structure of various GRINSCH-SQW investigated 
 
sample First graded Active layer Second graded Capping  Ga flux 
V2928 
100nm  
AlN-Al0.8Ga0.2N 
1.5nm 
Al0.7Ga0.3N 
100nm  
Al0.8Ga0.2N -AlN 
100nm AlN  1*e(-6) 
V2935 
100nm  
AlN-Al0.8Ga0.2N 
1.5nm 
Al0.7Ga0.3N 
100nm 
 Al0.8Ga0.2N -AlN 
100nm AlN  2.88*e(-7) 
V2933 
100nm  
AlN-Al0.8Ga0.2N 
5nm 
Al0.7Ga0.3N 
100nm 
 Al0.8Ga0.2N -AlN 
100nm AlN  1*e(-6) 
V2932 
100nm  
AlN-Al0.8Ga0.2N 
10nm 
Al0.7Ga0.3N 
100nm 
 Al0.8Ga0.2N -AlN 
100nm AlN  1.27*e(-6) 
V2963 
50nm  
AlN-Al0.8Ga0.2N 
1.5nm 
Al0.72Ga0.28N 
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 1.1*e(-6)  
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4.1.1 The role and effect of the Ga flux during the growth of the QW 
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Figure 4.2: PL spectral for single quantum well sample with different Ga flux 
 
Both sample V2928 and V2935 were in the GRINSCH configuration with a single 
quantum well of 1.5nm Al0.7Ga0.3N. The two samples were grown under same growth 
recipe except the Ga flux used during the growth of the QW. Sample V2928 was grown 
under a Ga flux of 1*e(-6) Torr in which the group III to V flux ratio was significantly 
greater than one(III/V >1). In contrast, sample V2935 had a Ga flux of 2.28*e(-7) Torr. 
Figure 4.2 shows the PL spectra. There are three peaks in V2928, the spectrum with the 
major emission peak at 265nm coming from the active layer. The other two peaks, one on 
the left shoulder at 242 originated from the graded AlxGa1-xN layer and the other on 
right shoulder could possibly be from deep level emission, since the quantum well was 
grown under extreme Ga rich conditions. Sample V2935 has two peaks: One major peak 
centered at 260nm comes from the quantum well and the other peak at 240nm emitted 
from graded AlxGa1-xN layer. The peak intensity drops from 20000 counts for the 
sample grown with high Ga flux to 6000 for the sample with low Ga flux. Similar results 
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were also reported by Bhattacharrya et al., [Bhattacharrya et al., 2009, Bhattacharrya, 
2006]. These authors reported that AlGaN /AlN MQWs with identical well and barrier 
thickness but varying III/V ratio during the growth of the active by increasing the Ga flux. 
Their luminescence spectra showed single peaks that varied from 220 nm (III/V ∼ 1) to 
250 nm (III/V>1) with internal quantum efficiency varying from 5% to 50% respectively. 
Similarly the observed blue-shift in the luminescence spectra in sample V2928 and 
V2935 is due to wells grown under excess Ga which induces a new growth mode, as 
proposed [Bhattacharyya et al., 2009]: with III/V＞1, the growth proceeds via liquid 
phase epitaxy rather than vapor phase epitaxy for III/V ratio close to 1.  
 
4.1.2 The effect of the thickness of the Al0.7Ga0.3N single quantum well 
A series of samples with single quantum wells of Al0.7Ga0.3N were investigated. The 
thicknesses of quantum wells for samples V2928, V2933, V2932 were 1.5nm, 5nm and 
10nm respectively. An interesting result found here was that with increasing the thickness 
of the active layer (from 1.5nm to 10nm), the peak intensity dramatically decreased, 
which is attributed to the quantum confined stark effect (QCSE) (See Figure 4.3). In other 
words, in samples whose active layer are 5nm and 10nm AlGaN, the overlap of their 
electron and hole wave function in the quantum wells was  reduced by the presence of 
strong built-in polarization electric fields. As a result, the QCSE suppressed the 
recombination of electron-hole pairs in the active region and thus reduced the 
luminescence efficiency. 
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Figure 4.3: PL spectral for single quantum well sample with different well thickness 
 
CL spectra   were collected from both the surface and the edge in two samples as shown 
in Figure 4.4.  Both samples show two major peaks in the edge as well as surface 
emission. The peak wavelength of 260nm is from the active region and the other at 
238nm comes from the graded AlGaN layer. Both samples have similar results in their 
PL spectra where light emitted from their active layers is suppressed due to the QCSE 
effect but still maintain strong carrier recombination in the graded AlGaN layers.  Fig 4.4 
(a) and (b) shows the surface and edge CL spectra of sample V2933. In terms of their 
peak intensities, the ratio of peak intensityactive layer / peak intensitygraded layer is similar from 
both the surface/edge mode. However, the CL spectra collected from surface and edge of 
sample V2932, shown in Fig 4.4 (c) and (d), the ratio of peak intensityactive layer / peak 
intensitygraded layer has a significant difference. The dramatic increase of peak intensity 
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generated from the active layer in sample 2932(10nm SQW) implies a strong TM 
polarized light.  
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Figure 4.4: (a)CL of surface emission, (b)CL of edge emission; (c)CL of surface 
emission (c), (d)CL of edge emission  
 
4.1.3 Femtosecond pumping study on single quantum well structure 
Sample V2928 and V2963 are both GRINSCH-SQW devices but have 1.5nm thick 
Al0.7Ga0.3N and Al0.72Ga0.28N in their active region respectively. They also have identical 
grading of Al composition in the graded AlxGa1-xN (x changed from 1 to 0.8), but the 
thickness of graded AlGaN layers in V2928 and V2963 are 100nm and 50nm 
respectively. Both samples were pumped by a femtosecond laser. As shown in Fig 4.5 (a), 
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sample V2928 has a major peak emitted at 264nm with a small shoulder peak at 242nm. 
The PL spectra were taken at two representative fluence values (1.5mW and 80mW). 
Figure 4.6(a) shows the PL of V2963, which has a major peak at 256nm with a shoulder 
peak at 238nm. The PL spectra were recorded under four representative fluences. There 
was no narrowing of PL spectra with increasing pumping fluence even though the spectra 
were taken with laser facets. 
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Figure 4.5: (a). ASE spectral (b), ASE intensity versus pumping fluence  (c), polar plot 
of emitted light  
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Figure 4.6: (a). ASE spectral (b), ASE intensity versus pumping fluence (c), polar plot of 
emitted light  
 
Figure 4.5(b) shows the amplified spontaneous emission (ASE) peak intensity of sample 
V2928 measured at 264nm as a function of the pump fluence. The peak intensity exhibits 
a sub-linear dependence on the increasing pump fluence. This is suggestive of light 
absorption in the active material. We also measured its polarization properties and 
showed the results in the polar plot of Fig 4.5(c). We found the peak at 264 nm is TM-
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polarized. This result is consistent with the finding discussed in the end of Chapter 3, 
where we say that, due to less strain in GRINSCH, the quantum well emits TM mode in 
such high Al content AlGaN. Similar results were also observed in sample V2963. Fig 
4.6(b) shows the ASE peak intensity measured at 256 nm as a function of the pump 
fluence. The peak intensity also exhibits a clear linear dependence on the increasing 
pump fluence up to 60 uJ/cm2. No narrowing was observed in the normalized ASE 
spectra excited at four representative fluence values.  Figure 4.6(c) shows the emitted 
light is also in the TM-polarized mode. 
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Figure 4.7: (a) CL spectral, (b) CL intensity versus pumping current   
 
Based on the CL pumping study shown in Figure 4.7 (a), (b), CL peak intensity versus 
pumping current shows a super-linear trend. 
 
In summary, from the data discussed above, no super linear behavior of emission 
intensity plotted against increasing pump fluence was observed. There is no evidence of 
stimulated emission so far which would show the possibility of realizing of deep UV 
laser based on high Al content AlGaN single quantum wells with a GRINSCH structure. 
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In traditional III-V SQW-GRINSCH laser diodes, the quantum well thickness is more 
than 5nm. However, due to strong QCSE effect, we cannot employ such a thick AlGaN 
layer in our SQW-GRINSCHs. Since the investigated samples have only 1.5nm AlGaN 
as the active layer within GRINSCH, less light can be absorbed and used for carrier 
population inversion inside the active region efficiently. A second explanation for no 
stimulated emission could be the poor optical mode confinement with only 1.5nm AlGaN 
in this structure. It is such thin film with little light absorption and poor optical 
confinement that results in the linear dependence trend in the ASE study. It is hard to 
have population inversion inside such thin films.  
4.2 Multiple-Quantum-Well laser structure (GRINSCH-MQW) 
As discussed in the beginning of this chapter, to further reduce the threshold current 
densities in conventional double heterostructure (DH) semiconductor laser diodes, multi-
quantum wells (MQWs) have been used as a key design for the active region. Quantum-
well structures show quantized subbands and step-like densities of states. The density of 
states for a quasi-two-dimensional structure has been used to reduce threshold current 
density and improve temperature stability. Furthermore, energy quantization provides 
another degree of freedom for tuning the lasing wavelength by varying the well width and 
the barrier height. So far, various designs based on MQW have been used for 
semiconductor lasers. In addition to these potential advantages of using MQWs, in our 
group, a new growth mode of LPE by PAMBE was proposed to introduce band structure 
potential fluctuations with high-density nanocluster-like features within thin AlGaN 
quantum wells. They showed significant reduction in threshold pumping power and a low 
  
 
99 
transparency carrier density of 1017/cm3 [Pecora et al., 2012]. With better optical 
confinement and carrier confinement by employing a GRINSCH design, AlGaN-based 
MQW-GRINSCH devices become an attractive approach to solving the challenges in the 
development of deep UV lasers. In this section, our focus will be on the control of growth 
condition and design of the active region by tuning parameters such as number of pairs, 
quantum well and barrier composition as well as their thicknesses. Our aim is to optimize 
the GRINSCH-MQW based device structure, in particular the design of active region to 
obtain a high quality optical gain medium.  
4.2.1 Ga flux dependence of light emission in GRINSCH-MQWs 
In section 4.1, we discussed about the effect of Ga flux in GRINSCH-SQW devices. Here 
we studied the effect of Ga flux on the optical performance of GRINSCH-MQW devices 
and found similar results. Three samples were produced under different Ga flux during 
quantum well growth. Table 4.2 shows the details of the GRINSCH-MQW devices 
investigated. 
Table 4.2 List of the GRINSCH-MQW deices grown with different Ga flux in wells 
 
Sample First graded Active layer Second graded Capping Ga flux 
V2969 
 
50nm  
AlN-Al0.8Ga0.2N 
10 pairs 1.5nm 
Al0.72Ga0.28N/3 nm 
AlN  
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 1.03e-6 
V2970 
 
50nm  
AlN-Al0.8Ga0.2N 
10 pairs 1.5nm 
Al0.72Ga0.28N/3 nm 
AlN  
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 4.46*E-7 
V2971 
 
50nm  
AlN-Al0.8Ga0.2N 
10 pairs 1.5nm 
Al0.72Ga0.28N/3 nm 
AlN  
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 2.08*E-7 
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Figure 4.8:  GRINSCH-MQW with different Ga flux in well 
 
All the three samples have multiple PL peaks, as shown in Figure 4.8. Sample V2969 
grown under extreme Ga rich condition (1.03e-6 Torr) shows a major peak emission at 
251-nm and on right shoulder of this major peak, there is a deep level emission around 
263nm. Sample V2970 and V2971 which were grown under Ga flux of 4.46*E-7 Torr 
and 2.08*E-7 Torr show much lower PL peak intensity with major peak of 241nm and 
234nm respectively. Both samples have a very long-wavelength tail extended to 270-
280nm. A strong blue shift of peak position with lower peak intensity can also be noticed 
in samples produced with reduced Ga flux. These data are also consistent with the 
introduction of band structure potential fluctuations by growing the active region under 
excess Ga flux [Bhattacharyya et al., 2009, Moustakas and Bhattacharyya 2012].  
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4.2.2 Surfactant effect of Indium in the quantum well growth 
4.2.2.1 Introduction 
To date, incorporation of Indium during AlxGa1-xN growth has been studied extensively 
and a number of interesting observations on the influence of the presence of Indium on 
the morphological [Monroy et al., 2003], electronic [Feng et al., 2003], and optical 
properties [Nicolay et al., 2003], of these films have been reported.  First of all, a 
substantial increase of luminescence due to In incorporation into AlGaN alloys has been 
observed. Secondly, different type of dislocations (edge, screw) were reduced and even 
eliminated upon introduction of Indium flux in AlGaN growth. This was attributed to the 
surfactant effect of Indium flux at relatively high growth temperature by MBE and 
MOCVD methods. And finally, it has also been reported the presence of Indium 
significantly improves the electronic properties of GaN films, increasing the mobility by 
a factor of 6 and the carrier concentration by orders of magnitude [Huang, 2004]. It 
seems there are numerous benefits by introducing Indium as a surfactant during AlxGa1-
xN growth. However, the presence of Indium during the AlGaN growth is not as good 
under some cases. So far, large optical gain with very low threshold fluencies has been 
demonstrated in Al0.7Ga0.3N/AlN MQWs without presence of Indium during the growth 
[Pecora et al., 2012, 2013]. In contrast, optical loss was found in the samples with 
uniform and homogeneous quantum wells employing Indium as a surfactant. Furthermore, 
the shortest wavelength of laser diodes reported so far was produced with In free AlGaN 
MQWs structures [Yoshida et al., 2009].   
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In this section, we investigate the role of indium during growth of AlGaN films. 
Specifically we investigate its influence on the structure and optical properties of deep 
UV emitters having a GRINSCH structures. 
4.2.2.2 Description of the samples investigated  
Two types of deep UV emitting AlGaN-based GRINCH structures were grown by 
plasma-assisted MBE on the Si-face of 6H-SiC substrates. The two investigated 
structures are schematically shown in Figure 4.9. The active region consists of 10 
Al0.65Ga0.35N (1.5 nm) / Al0.8Ga0.2N (3 nm) MQWs sandwiched between two 50 nm thick 
compositionally graded AlxGa1-xN films (x=1 to 0.8 and x=0.8 to 1).  The two structures 
are identical except that in the one structure (sample A) we did not employ indium during 
the growth of the quantum wells, while in the second structure (sample B) we did use an 
indium flux of 2x10-6 Torr during the growth of the quantum wells. The wells of both 
structures were grown under excess gallium, to promote band structure potential 
fluctuations as described previously. The details for both samples are listed in Table 4.3 
below.  
Table 4.3 List of the GRINSCH-MQW w/o Indium in quantum well 
 
Sample First graded Active layer Second graded Capping 
V2982 
50nm  
AlN-Al0.8Ga0.2N 
10 pairs 1.5nm Al0.65Ga0.35N/3 
nm Al0.8Ga0.2N 
50nm  
Al0.8Ga0.2N-AlN 
50nm AlN 
V2988 
50nm  
AlN-Al0.8Ga0.2N 
10 pairs NO INDIUM 
1.5nm Al0.65Ga0.35N/3 nm 
Al0.8Ga0.2N 
50nm  
Al0.8Ga0.2N-AlN 
50nm AlN 
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Figure 4.9: A schematic of the samples grown without indium (left-sample A) and with 
indium (right-sample B) as a surfactant during the growth of the quantum well.   
4.2.2.3 Structural characterization by XRD and TEM 
The structure and microstructure of the two samples were investigated by transmission 
electron microscopy (TEM) and x-ray diffraction (XRD). The samples for TEM studies 
were prepared by standard mechanical polishing followed by ion-beam-thinning at 4.5 
keV. Conventional diffraction-contrast images and high-resolution phase contrast images 
were taken with a JEM 4000EX high resolution electron microscope equipped with a top-
entry, double tilt specimen holder operated at 400 keV.  
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Figure 4.10: TEM cross sectional micrograph of the GRINSCH structure with QWs 
grown without indium as a surfactant. A number of threading defects in the AlN are 
terminated in the interface of AlN / graded AlGaN interface. 
 
Figure 4.10 shows a cross-sectional electron micrograph of the sample grown without 
Indium. High density of threading dislocations (TDs) was formed at the nucleation 
interface between AlN and SiC and they propagate along the growth direction. However, 
many of the TDs terminate at the AlN / graded AlGaN layer, as shown in the image at the 
left. The likely cause for the dislocation termination at this interface is the strain 
associated with the compositionally graded AlGaN wave guiding film. Thus, the graded 
AlGaN film not only provides strong optical and carrier confinement, but it also relieves 
strain between the cladding AlN layer and the active layer by serving as a strain transition 
buffer. These results indicate that the compositionally graded AlGaN layer with an 
optimum thickness and growth condition can effectively block the TDs in the vicinity of 
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the AlN / AlGaN heterointerfaces and reduce the density of TDs present in the active 
layer [Sun et al., 2013]. As indicate in the enlarged image to the right the Al0.65Ga0.35N / 
Al0.8Ga0.2N are well formed with relatively abrupt interfaces.  
 
Figure 4.11: XRD diffraction of the two types of investigated GRINSCH structures. The 
data suggest that the presence of indium leads to QWs with sharper interfaces. 
 
The samples were also investigated by on-axis θ-2θ X-Ray Diffraction (XRD) scans 
using a Philips four-circle high-resolution diffractometer. Figure 4.11 shows the XRD 
theta-2theta diffraction patterns for the two investigated samples. Shown also in the same 
figure are the XRD simulation results of the MQW structure. The blue line indicates the 
XRD scan of sample grown with indium present during growth of the quantum wells, 
while the black line represents the one grown without indium. The main superlattice 
diffraction (SL-0) for both samples occurs on the left shoulder of the SiC diffraction peak.  
While the simulations indicate the existence of one superlattice peaks in the scanned area, 
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the experimental results indicate only a small superlattice (SL-1) peak in the sample 
whose QWs were grown with indium. The magnitude of this superlattice (SL-1) peak is 
two orders of magnitude smaller than the main superlattice peak (SL-0), which is the 
same as the ratio of the two corresponding peaks in the simulation results.   This small 
intensity or complete absence of superlattice peaks in the experimental data is to be 
expected because of the small difference in the composition of the wells and barriers in 
addition to unavoidable interface roughness. These results imply that the MQWs of the 
sample, grown with indium as a surfactant, have sharper interfaces, which is consistent 
with indium being a surfactant during the growth of the MQWs. 
4.2.2.4 Optical characterization 
The optical properties of these samples were investigated under femtosecond optical 
pumping. Fig 4.12(a) shows the PL spectra of the two investigated samples. Both samples 
show a single peak. The sample with indium present during the growth of the quantum 
wells has a peak at 270.5nm, and the sample grown without indium has a peak at 
272.3nm. Thus, the presence of indium resulted in a small blue shift of the PL spectra and 
a slight reduction in the PL intensity. We attribute both of these results to the action of 
indium as a surfactant, which improves the homogeneity of the sample. In other words 
the QWs grown with indium have shallower potential fluctuations, which are responsible 
both for the blue shift of the spectra as well as the reduction in the PL intensity [Pecora et 
al., 2013]. 
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Figure 4.12: PL spectra and dependence of PL intensity on pump fluence for the two 
investigated GRINSCH structures. The superlinear dependence of the sample grown 
without indium provides evidence of stimulated emission. 
 
Figures 4.12 (b) and (c) show the amplified spontaneous emission (ASE) peak intensity 
as a function of the pump fluence for the two investigated samples. The ASE intensity, of 
the sample grown with indium in the QWs, shows a linear dependence at low fluence and 
sub-linear dependence for pumping fluence higher than 30 µJ/cm2. In contrast, the ASE 
intensity exhibits a clear super-linear dependence in the sample grown without indium in 
the MQWs. The transparency threshold is about 10 µJ/cm2. Such low threshold pumping 
power is attributed to deep potential fluctuations introduced by compositional 
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inhomogeneities in the AlGaN films grown under Ga rich conditions. The action of the 
indium as a surfactant leads to more homogeneous material that requires higher fluence 
than available in our experimental system to produce population inversion.  
4.2.2.5 Summary  
In summary, we have investigated the role of indium as a surfactant in influencing the 
structure and optical properties of AlGaN MQWs emitting at 270 nm. The AlGaN 
MQWS were embedded in two compositionally graded AlxGa1-xN (x=1 to 0.8 and x=0.8 
to 1) and two AlN guiding layers so that the samples are structured in the form of a 
GRINSCH laser structure. To investigate the role of indium as a surfactant we studied 
two identical samples in one of them we had employed an indium flux during the growth 
of the AlGaN MQWs. The TEM data indicate that the compositionally graded AlGaN 
layer is also serving as a strain transition buffer to block threading dislocations from 
penetrating into the MQWs. Also, XRD data indicate that the MQWs grown in the 
presence of indium may have sharper interfaces between well and barriers, consistent 
with notion that indium is a surfactant. Optical pumping with femtosecond laser pulses 
indicate that the PL spectrum of the sample grown in the presence of indium is slightly 
blue shifted with reduced magnitude and the intensity of the signal depends sublinearly 
on pump fluence. On the other hand the sample grown without indium shows superlinear 
dependence on pump fluence providing evidence of stimulated emission. The superlinear 
behavior of the sample grown without indium is accounted for by the existence of deep 
band structure potential fluctuations.25) On the other hand the sample grown with indium 
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becomes more homogeneous due to the surfactant action of the indium and as discussed 
elsewhere it requires higher pumping fluence to produce population inversion. 
4.2.3 Influence of the thickness of quantum barrier  
In order to further optimize the design of active region for GRINSCH-MQW-based deep 
UV lasers, a series of samples were investigated with different quantum barrier thickness. 
These samples consist only of AlGaN MQWs and they are not embedded into a 
GRINSCH device. Their active regions were composed of 10 pairs of 
Al0.65Ga0.35N/Al0.8Ga0.2N multiple quantum wells with 1.5nm in the well and 1.5nm, 
3nm, 6nm in the barrier.  Table 4.4 shows the detail information about these structures. 
All three samples, (V2986, V2987 and V3008) were grown under identical growth 
conditions by PAMBE. A 500nm AlN was deposited on 6H-SiC, followed by 10 pairs of 
Al0.65Ga0.35N/Al0.8Ga0.2N MQWs grown under identical condition. Figure 4.13 shows the 
CL spectra of these MQWs. 
Table 4.4 MQWs structures without GRINSCH 
 
Sample Active layer (No GRINSCH) Ga flux 
V2986 10 pairs   1.5nm Al0.65Ga0.35N/1.5 nm Al0.8Ga0.2N  1.03e-6 
V2987 10 pairs   1.5nm Al0.65Ga0.35N/3 nm Al0.8Ga0.2N 1.03e-6 
V3008 10 pairs   1.5nm Al0.65Ga0.35N/6 nm Al0.8Ga0.2N 1.03e-6 
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Figure 4.13 CL spectral of Samples without GRINSCH 
 
The Cathodoluminescence spectra were collected from the sample edges under identical 
injection current of 100nA with 10KV acceleration voltage. The intense CL peaks 
originated from the quantum well show symmetric peak emitting at 268.15nm, 266.46nm 
and 263.47nm for sample V2986, V2987 and V3008 respectively. Meanwhile, it can be 
seen that in sample V2986 and V2987, there is a shoulder on the left side of their major 
peaks which probably comes from the barriers. With increasing thickness of the barrier, 
this peak seems to disappear or become less prominent (the CL spectral of V3008 shows 
single main peak). The primary reasons are as follows: In V2986, the active region more 
likely has a “super-lattice” behavior different from quantum wells due to a thin film in 
both wells and barriers. As a result, we notice there is a strong shoulder on the left side of 
the major peak. This applies to V2987 whose barrier is 3nm. The peak is still noticeable. 
However, when the thickness of the barrier is increased to 6nm, the CL spectral becomes 
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a single symmetric peak emitting at 263.47nm.  In addition, the CL spectra also show a 
very strong blue shift (from 268.15nm to 263.47nm) with increase in the thickness of the 
barrier (from 1.5nm to 6nm). Such blue shift is due to a higher internal field due to 
increase in the ratio of barrier thickness/well thickness in the active region. Furthermore, 
the CL peak intensity of sample V3008 is 5 times higher than V2986.  Based on the 
analysis above, 10 pair of AlGaN/AlGaN MQWs with thicker barriers could be a better 
candidate for optical pumped or e-beam pumped laser structure.  
4.2.4 Influence of quantum barrier composition  
Table 4.5 MQWs-GRINSCH structures with different barrier composition 
Sample First graded MQWS Second graded Capping 
V2980 
50nm 
Al0.8Ga0.2N -AlN 
10 pairs 1.5nm Al0.65Ga0.35N 
/3 nm Al0.9Ga0.1N 
50nm 
Al0.8Ga0.2N -AlN 
50nm AlN 
V2988 
50nm 
Al0.8Ga0.2N -AlN 
10 pairs  1.5nm Al0.65Ga0.35N 
/ 3 nm Al0.8Ga0.2N 
50nm 
Al0.8Ga0.2N -AlN 
50nm AlN 
  
Another parameter we varied in the design of the active region is the barrier composition. 
Two samples were produced under identical growth condition except the Al composition 
in the quantum barrier. The samples are listed in Table 4.5. The two samples consist of 
500nm AlN cladding layer, followed by a 50 nm AlxGa1-xN layer linearly graded from 
x=1 to x= 0.8. Sample V2980 has a 1.5nm Al0.65Ga0.35N quantum well and a 3nm 
quantum barrier while sample V2988 has the same structure in well but a 3nm 
Al0.8Ga0.2N barrier, followed by the 50 nm AlxGa1-xN layer linearly graded from x=0.8 
to x= 1 and a 50nm AlN cladding layer. Surfactants were employed during the growth of 
the various layers in order to improve their crystal quality. Both active regions were 
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grown under Ga-rich conditions, a growth mode that promotes the introduction of deep 
band structure potential fluctuations.  
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Figure 4.14: CL spectral of Samples without GRINSCH 
 
Fig.4.14 shows the room temperature PL spectra of sample V2988 (in red) and V2980 (in 
black). Both samples show single peaks, V2988 emits at 272.5nm and V2980 at 267nm.  
The PL spectra, with higher Al composition in the barrier are slightly blue shifted and the 
peak intensity is two times lower. Owing to the larger composition of Aluminum in the 
quantum barrier, here is a stronger internal field. As a result, it causes the reduction in the 
overlap of electron and hole wave-functions.  
 
Both samples were investigated by ultrafast laser pumping. Even though the ASE studies 
show super linear behavior of ASE peak intensity versus pumping fluence, however, the 
threshold pumping power is different in the two samples. Based on Fig 4.15(a) and (b), 
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the threshold pumping power in sample V2988 is definitely lower than V2980, which 
implies that by lowering Al composition in the barrier, the transparency carrier density 
decreases correspondingly. Since active layers were grown under identical growth 
condition, the material gain in the active layer should be the same. Based on the 
calculation of net model gain G=Γg, Γ is the optical confinement factor and g is material 
gain. The larger the Γ, the larger the gain is. As a matter of fact, sample V2988 has lower 
transparency threshold power due to its larger confinement factor.  
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Figure 4.15: (a): ASE peak intensity measured at 267nm as a function of the pump 
fluence in sample V2980 and (b) in sample V2988. 
4.2.5 Influence of number of pairs of MQWs in the active region 
Finally, the number of pairs of MQWs also plays a critical role in the design of the active 
region for laser application. In this section, we will briefly discuss the optimization of the 
active region by investigating the number of pairs of MQWs with identical well and 
barriers. Two different groups of samples were investigated.  
 
One group of samples is listed in Table 4.6. They were grown on Si-face 6H-SiC by 
PAMBE under identical growth conditions. The structure consists of 500nm AlN 
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cladding layer on 6H-SiC, followed by 50 nm AlxGa1-xN linearly graded from x=1 to x= 
0.8. The active region of the device consists of 1 pair, 9 pairs, 20 pairs of 1.5nm 
Al0.65Ga0.35N/ Al0.9Ga0.1N quantum wells labeled as sample V2963, V2968 and V2967 
respectively, followed by 50 nm AlxGa1-xN linearly graded layer from x=0.8 to x= 1 and 
a 50nm AlN cladding layer. The active layers were grown under Ga rich condition by 
PAMBE.  
Table 4.6 MQWs-GRINSCH structures with different pairs of 1, 9, 20 
Sample First graded MQWs Second graded Capping 
V2963 
50nm  
AlN-Al0.8Ga0.2N 
1.5nm Al0.72G0.28N 
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 
V2968 
50nm  
AlN-Al0.8Ga0.2N 
9pairs 1.5nmAl0.72Ga0.28N 
/3nm Al0.9Ga0.1N 
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 
V2967 
50nm  
AlN-Al0.8Ga0.2N 
20pairs1.5nmAl0.72Ga0.28N/ 
3nm Al0.9Ga0.1N 
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 
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Figure 4.16 PL spectral of MQWs-GRINSCH with different pairs 
 
Fig 4.16 shows the PL spectra for sample V2963, V2968 AND V2967. All three samples 
have a single peak emitting at 256nm, 251nm, and 250.2nm respectively. As we expected, 
the more the pairs of MQWs, the higher luminescence intensity is. However, the 
intensities do not linearly increase with increase in the number of pairs. Another 
interesting result that can be observed is that the larger the number of pairs, the shorter 
the wavelength of the emitted light. We noticed an interesting phenomenon, where the 
more pairs of MQWs, the broader of the peak which is caused by the accidental delay 
during the open and close of cell shutters leading to a small variation of thickness in well 
and barrier in growth.  
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Another group of samples is V2985 and V2988, which have 2 and 10 pairs of identical 
quantum wells and barriers respectively. Both samples were grown on Si-face 6H-SiC 
substrate by PAMBE under the same growth conditions, including the flux of cells and 
the substrate temperature during the growth. No indium was employed. The details of 
device structure are listed in Table 4.7. 
Table 4.7 MQWs-GRINSCH structures with different pairs 2 and 10 
Sample  First graded MQWS Second graded Capping 
V2985 
50nm  
AlN-Al0.8Ga0.2N 
2pairs 1.5nm Al0.65Ga0.35N/3 nm 
Al0.8Ga0.2N 
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 
V2988 
50nm  
AlN-Al0.8Ga0.2N 
10 pairs   1.5nm Al0.65Ga0.35N/3 
nm Al0.8Ga0.2N 
50nm  
Al0.8Ga0.2N -AlN 
50nm AlN 
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Figure 4.17: PL spectral of MQWs-GRINSCH with different pairs of 2 and 10 
  
Fig 4.17 shows PL spectral of the two samples. Interestingly, their PL profiles have 
similarity in terms of peak position and intensity compared with previous group. Sample 
V2985 emits at 275.5nm with lower intensity whereby V2988 has a peak at 272.5nm.  
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Also, there is a blue shift in the sample having larger number of pairs.  
 
Both samples were investigated by ultrafast laser optical pumping and the results of ASE 
peak intensity as a function of the pumping fluence were plotted in Fig 4.18. Surprisingly, 
both of them have super linear behavior even though V2985 has only 2 pairs of MQWs. 
However, we found that having fewer quantum wells here required higher threshold 
pumping fluence as compared with sample V2988, which has 10 pairs.  
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Figure 4.18: (a): ASE peak intensity measured at 272 nm as a function of the pump 
fluence in sample V2985 and (b) 275.5nm in sample V2988. 
 
As described in the beginning of this chapter, no super linear trend was observed in 
SQW-GRINSCH due to very thin QWs. However, after doubling the number of quantum 
wells, it seems the device behaves in a completely different fashion.  In order to further 
understand the effect of the number of pairs on the device performance of MQWs-
GRINSCHs, optical properties, specifically, their material gain and threshold pumping 
power are simulated by using commercial available software-LASTIP.  
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4.2.6 Simulations of Al0.65Ga0.35N/ Al0.8Ga0.2N GRINSCH-MQW devices  to 
determine their optical gain 
Based on the experimental results presented above, we found an interesting phenomenon 
whereby stimulated emission can only be observed in devices with a minimum number of 
2 pairs or above 9 MQWs (like 10 pairs). So far, no stimulated emission has been 
observed in AlGaN based SQW-GRINSCHs. In addition, the device with 2 pairs of QWs 
required higher transparency pumping fluence than the one with 10 pairs. Since all 
devices mentioned above were produced under same growth conditions and same 
quantum wells, we believe that the material gain in each quantum well should be the 
same, the observation of stimulated emission must be due to the improvement of the 
optical confinement by increasing the number of pairs of QWs. However, after we dive 
deeply into understanding the material gain of the devices we investigated above by 
simulation, we found something new.  As is well known, net model gain is G=Γg which 
is determined by optical confinement factor Γ and material gain g. But we discovered that 
the two factors are closely related to each other and we cannot assume that by tuning only 
one of them we do not influence the other, particularly within GRINSCHs. Interestingly, 
they are actually co-related and change simultaneously. More importantly, we found the 
profile of material gain among the QWs is dramatically different in each well within the 
same device.  
 
In this section, we calculated the material gain, optical confinement, net modal gain as 
well as threshold pumping power in MQW-GRINSCHs by varying the number of pairs of 
QWs. The structure we modeled is based on the investigated samples in a configuration 
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of Al0.65Ga0.35N/ Al0.8Ga0.2N-based GRINSCH listed in TABLE 4.7. The simulation was 
carried out in LASTIP, through which we computed the expected material gain in each 
quantum well and their optical properties for deep UV laser applications. The simulation 
data and experimental results provide reasonable guidance for optimization of the active 
region in the development of sub-250nm AlGaN based deep UV lasers based on MQW-
GRINCSH.  
4.2.6.1 Simulation results 
The material gain properties of the investigated samples were simulated using the 
commercially available software package LASTIP. The device to be modeled consists of 
500-nm AlN bottom cladding layer, followed by 50-nm AlxGa1-xN film graded linearly 
from x=1 to x= 0.8. The active region of the device consists of 1, 2, 5, 10, 20, 30 pairs of 
1.5nm Al0.65Ga0.35N quantum wells and 3nm Al0.8Ga0.2N nm barriers, followed by 50-nm 
AlxGa1-xN layer graded linearly from x=0.8 to x= 1 and 50nm AlN cladding layer.   
 
We also have simulated the threshold pumping power in the same structure with 1, 2, 5, 
10, 20 and 30 pairs of MQWs in active region. Fig 4.19 shows the simulation results of 
threshold pumping power versus their number of quantum wells. We found that single 
quantum well based GRINSCH structures require 5 times higher threshold pumping 
power compared to the samples with ten pairs. The threshold pumping power dropped 2.5 
times in sample with two pairs in active region compared with SQW-GRINSCH. 
Furthermore, by increasing the number of pairs larger than ten, saturates the threshold 
pumping power. It is such distinct features that give us an idea of how to optimize the 
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number of pairs of MQWs based on GRINSCH devices. We may consider two pairs or 
more of MQWs could be a better solution in the design of GRINSCH lasers.  
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Figure 4.19: threshold pumping power versus the number of quantum wells in active 
region. 
4.2.6.2 Experimental results 
Figure 4.20(a), (b) and (c) shows ASE peak intensity plotted against the pumping fluence 
on the samples with 1, 2 and 10 pairs of quantum wells in their active regions 
respectively. Samples with two and ten pairs of MQWs have similar trends and ASE peak 
intensity shows superlinear behavior with increasing pumping fluence in both samples. 
However, the transparency threshold, extracted from pumping power dependence data, is 
around 17uJ/cm2 and 9 uJ/cm2 for two and ten pair MQWs respectively. The results are 
qualitatively consistent with the simulation data shown in Figure 4.19(b). In addition, 
such low threshold pumping power is attributed to deep potential fluctuations introduced 
by composition inhomogeneity in AlGaN films grown under Ga rich condition 
[Moustakas et al., 2011, 2012]. 
  
 
121 
0 15 30 45 60
Pump fluence(J/cm
2
)
Single Quantum Well
A
S
E
 I
n
te
n
s
it
y
 (
a
rb
. 
u
.)
 
 C
 
0 10 20 30 40 50
A
S
E
 I
n
te
n
s
it
y
 (
a
rb
. 
u
.)
Pump fluence (J/cm
2
)
2 pairs of MQWs
 
0 10 20 30 40 50 60
A
S
E
 I
n
te
n
s
it
y
  
(a
rb
. 
u
.)
Pump fluence (J/cm
2
)
10 pairs of MQWs
 
Figure 4.20: ASE peak intensity as a function of the pump fluence in GRINSCH with (a) 
single quantum well; (b) 2 pairs and (c) 10 pairs  
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However, when it comes to the sample that has a single quantum well, its ASE peak 
shows a linear dependence, which implies optical absorption. As described in the 
beginning of this chapter, there was no evidence of stimulated emission so far under 
optical pumping study due to the thin (<1.5nm) single quantum well. The primary 
reasons are as follows: in one aspect, it might be due to the limitation of our laser 
pumping system, that the pumping power is still too low to excite more carriers to high 
energy level. In other aspect, the quantum well could be too thin to absorb enough light 
efficiently. In summary, it is hard to have population inversion inside such thin films. 
This could explain why we did not see stimulated emission in SQW-GRINSCHs with the 
limited pumping power in our laser system. 
 
In conclusion, simulation results show that the quantum wells adjacent to graded AlGaN 
layer have maximum material gain. Single quantum well of Al0.65Ga0.35N with a thickness 
of 1.5nm requires largest threshold pumping power in order to have population inversion. 
Experimentally, optically pumped stimulated emissions were demonstrated both in two 
and ten pair of MQWs in GRINSCHs. The reported simulation and experimental results 
are consistent and provide good guidance for optimization of number of pairs in active 
region for the development of sub-250nm AlGaN based deep UV lasers based on MQW-
GRINCSHs. 
4.3 Band structure simulation and analysis 
The advantages and benefits of a GRISNCH structure vs pure MQWs has been addressed 
in previous chapters. The GRINSCH structure in principal leads to improvement of the 
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optical confinement and carrier confinement.  Furthermore, there is evidence that it 
prevents the threading dislocations from reaching the active region due to strain 
relaxation. Just as in the case of the DH-GRINSCH structure, the energy band diagram, 
of the MQW-GRINSCH described in Fig. 4.20, was also found by solving self 
consistently the Schrodinger and Poisson’s equations. The results are shown in Fig. 4.21. 
These calculations were done using the software package Crosslight LASTIP. Similar to 
what we described in Chapter 3, this band structure clearly indicates the formation of a p-
n junction due to polarization n- and p-type doping of the AlGaN graded layers on either 
side of the active region. The optical confinement factor was calculated which is 37.85% 
shown in Fig. 4.22.  
 
Figure 4.21: Thermal equilibrium    
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Figure 4.22 optical confinement calculation 
4.4 Carrier lifetime measurement 
Time-resolved photoluminescence (TRPL) was taken on the investigated GRINSCH 
structure using a time-correlated single photon counting (TCSPC) technique with ~25 ps 
resolution. This measurement was done in the Army Research Laboratory.  
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Figure 4.23: Room temperature TRPL signal under different pumping fluence. Lifetimes 
are for initial fast decays. ND00 and ND23 are excitation fluences representing 87.7 
µJ/cm2 and 0.15 µJ/cm2 respectively.  
  
The room temperature time-resolved photoluminescence (TRPL) studies are shown in Fig. 
4.23. The photogenerated carrier lifetime in sample V2988 is 0.6-0.7 ns under different 
pumping fluences. It has a two time longer lifetime compared to the DH-GRINSCH 
sample, which indicates the significant improvement brought by employing the quantum 
well structure in GRINSCH configuration. Such long carrier lifetime is attributed to 
potential inhomogeneities of AlGaN quantum well grown by PAMBE under liquid phase 
epitaxy. The carriers fall into the minimum energy levels and are trapped in the valley of 
bands introduced by deep potential fluctuations. As mentioned earlier, the achievement of 
large optical gain and lower threshold pumping power highlights the benefit of 
introducing band-structure potential fluctuation. In conclusion, long carrier lifetime of 0.6 
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- 0.7ns was also obtained. This low threshold value and long lifetime of carriers is 
attributed to compositional inhomogeneities under LPE mode. 
4.5 Summary and conclusion 
In conclusion, a number of MQWs-GRINSCH based devices were grown and 
investigated experimentally as well theoretically. During growth, we studied the effect of 
Ga flux and Indium flux on the optical performance of deep UV emitters. A strong blue 
shift with lower PL intensity was observed in samples grown with lower Ga flux. The 
presence of Indium during the quantum well growth appears to lead to AlGaN films that 
are compositionally more homogeneous. A number of parameters of the active regions 
were investigated, including the number of pairs of MQWs, the thickness of quantum 
wells and barriers and the composition of quantum barriers.  By optical excitations we 
did not observe stimulated emission on the SQW-GRINSCH based structures, while we 
do in structures with two or more QWs. The simulation results are in qualitative 
agreement with experimental data on the relationship between pumping power versus the 
number of pairs of QWs.  Also, the simulation of the optical gain of MQW-GRINSCHs 
indicates the two quantum wells that are adjacent to the graded AlGaN layer have highest 
material gain. 
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Chapter 5  
Electrically injected ultraviolet emitters 
Visible light emission (red, yellow and blue) device technology is reaching its maturity 
and research interests have been shifted towards short-wavelength UV devices. The 
development of ultraviolet semiconductor laser diodes (LDs), and in particular those 
emitting in the deep UV spectral region, will enable a large number of industrial and 
medical applications. These include, for example, non-line-of-sight free space 
communications, medical diagnostics at the point of care and identification of chemical 
and biological agents. AlGaN alloys are ideally suited for the development of such 
devices since their energy gap can be tuned from the near UV (365 nm) to deep UV (210 
nm) by changing the alloy composition [Pankove et al., 1998; Morkoc, 2009]. Such 
semiconductor lasers are expected to be lightweight, compact and have low power 
requirements. In addition, nitride semiconductors are physically robust, chemically inert, 
have high corrosion resistance and are non-toxic. These properties also make them 
attractive for use in hostile environments and at high temperatures. 
 
However, only optically pumped AlGaN-based DUV semiconductor lasers have been 
demonstrated so far. Due to their disadvantage of limited portability, optically pumped 
lasers cannot be used widely. Electron beam pumped semiconductor lasers, are still under 
exploration because of difficulties in making compact high energy electron guns to pump 
the materials. Consequently, the only way to realize UV lasers diodes, based on AlGaN 
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materials, is through electrically injected diodes. However, many issues and challenges, 
including lack of a suitably lattice-match substrate, low electronic conductivities with 
higher AlN molar fraction AlGaN film and lack of a suitable carrier and optical 
confinement designs are associated with the realization of LDs. In addition, LDs requires 
a more complicated structure than LEDs, thicker optical cladding layers and lower 
dislocation density in their active region. Most importantly, the progress in developing 
short wavelength UV-LDs driven by current has been limited in past decade owing to the 
lack of high quality AlxGa1-xN bulk crystals and epitaxial layers with high efficient n- and 
p-type doping.  
 
In this chapter we report our initial results of forming an AlGaN-based electrically 
injected structure in the form of GRINSCH, emitting in the near UV region. In the first 
section, we summarize the issues associated with p-type AlGaN film doping. The physics 
on polarization induced n- and p-type graded AlxGa1-xN films grown either on nitrogen or 
metal polar substrates will be introduced. In section two, we demonstrate the significant 
improvement of film conductivity by polarization induced doping of graded AlGaN films. 
In third section, we will describe the design, growth, fabrication and operation of UV 
emitting structures based on the GRINSCH configuration on SiC substrates, as a first step 
toward fulfilling the promise of deep-UV laser diodes.  
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5.1 Issues related with doping in p-type AlxGa1-xN films 
III-nitride-based ultraviolet (UV) emitters require high Al molar fraction in the AlxGa1-xN 
alloy. As a result, lots of pertinent material issues and challenges are encountered, such as 
strains, different kinds of defects and dislocations in AlGaN films heteroepitaxially 
grown over sapphire or SiC substrate. However, among these issues, the most 
challenging problem is the poor p-type doping of high Al content AlGaN films. 
Experimentally, the higher the Al molar fraction, the lower doping efficiency, which 
dramatically degrades transport properties of the device. Larger bandgaps result in higher 
activation energy of n- and p-type dopants, making doping extremely difficult. Acceptor 
and donor activation energies were estimated to be ED=0.022+0.178*XAl and 
EA=0.17+0.43*XAl respectively [Taniyasu et al., 2006]. In the case of n-type doping of 
AlN with Si, the donor activation energy increases from ~25meV for GaN to ~250-280 
meV in AlN. P-type doping is an even bigger challenge, the Mg activation energy 
increasing from ~200meV in GaN to ~600meV in AlN.  
 
Back in 1989, the first p-type Mg doped GaN using an ex situ low energy electron beam 
treatment was demonstrated by Amano [Amano et al., 1989] and subsequently by 
Nakamura [Nakamura et al., 1992] in 1992 through a thermal annealing process.  Later, 
Moustakas [Brandt et al., 1994] realized the p-type GaN without additional procedures as 
grown by MOCVD since there was no H2 required in film growth by MBE. These major 
breakthroughs paved the way for the development of commercial III-nitride-based visible 
and long-wavelength UV optical devices (LEDs, modulators, lasers etc.).  
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Nevertheless, the absence of high p-type conductivity of AlxGa1-xN limited the 
development of optical emitters in the UV  and in particularly deep UV. In particular, the 
development of electrically pumped UV semiconductor lasers is lagging due to the 
difficulty in n-and in particularly p-type doping of AlGaN alloys. This is due to the high 
ionization energies of Mg-acceptors and Si-donors [Taniyasu et al., 2006]. Due to these 
problems the reported shortest wavelength for an electrically pumped UV semiconductor 
laser is 336 nm. Yoshida et al demonstrated lasing at 342 and 336nm with Jth of 8 and 17 
kA/cm2, respectively by reducing extended defect densities in the template [Yoshida et 
al., 2008]. So far there are only reports of optically pumped AlGaN based laser structures 
at wavelengths below 300 nm [Takano et al., 2004; Wunderer et al., 2011]. 
 
A number of approaches have been proposed in the literature for p-doping AlGaN alloys. 
These include, for example, the use of alternative acceptors, such as beryllium [Sanchez 
et al., 1998], or the polarization induced doping in AlGaN/GaN short period superlattices 
(SPSLs) [Cheng et al., 2013]. An alternative approach to p-type doping of AlGaN alloys 
is polarization enhanced doping in compositionally graded AlGaN alloys [Simon et al., 
2010; Carnevale, 2012]. In this method, 3D mobile carriers can be produced with the aid 
of polarization charges in graded AlGaN structures. Application of these polarization 
enhanced doping layers has already been implemented in the fabrication of p-n junctions 
and light emitting diodes [Carnevale et al., 2012; Zhang et al., 2010; Li et al., 2012]. 
However, the compositional grading proposed in these references from low AlN to high 
AlN mole fraction with the center of the junction at high AlN mole fraction cannot be 
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used for the fabrication of lasers because the variation of the index of refraction around 
the active region cannot lead to confinement of the optical mode.  
 
Here, we will further explore the application of polarization induced n- and p-type doping 
in the AlGaN films in the development of electrical injected UV diodes. First, we will 
briefly introduce the theory of polarization doping in III-nitrides. Secondly, we will 
present the implementation of polarization doping to produce n- and p-type AlGaN films. 
Third, a prototype of electrically injected UV diodes will be demonstrated. Polarization 
induced n- and p-type doping in graded AlGaN layers is developed as an attractive 
scheme to achieve high conductivity in AlGaN based emitters, particularly for GRINSCH 
structures.  
 
5.1.1 Principle of polarization enhanced doping 
In theory, polarization charges can be used to improve the carrier concentration without 
introducing any impurity dopants into the crystal. A two-dimensional electron gas (2-
DEG) and a three-dimensional electron gas (3-DEG) can be obtained by changing the 
thickness as well as composition of epitaxial layers. In the case of AlXGa1-XN/AlYGa1-YN, 
Fig 5.1(a) depicts a band diagram and a 2 DEG generated in AlGaN/GaN sharp 
heterostructure and Fig 5.1 (b) shows the formation of a 3 dimensional electron and hole 
gas in compositionally graded AlGaN on GaN.      
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Figure 5.1 (a) Band diagrams for AlGaN/GaN heterostructures showing polarization 
induced two-dimensional electron and effective band offsets; (b) charge distribution in 
compositionally graded AlGaN on GaN showing the formation of three-dimensional 
electron and (c) hole gases. [Jena et al., 2010] 
 
In Figure 5.1 (a), a thin AlGaN film was grown on Ga-polar GaN, the spontaneous and 
piezoelectric polarization was added together in this AlGaN layer and positive 
polarization charges were created. This polarization charge can be calculated by the 
equation∇ ∙ 𝑃 = ∇ ∙ (𝑃𝑆𝑃 + 𝑃𝑃𝑍) = −𝜌𝑃𝑂𝐿. It is these polarization charges that induce the 
formation of 2-DEG at the AlGaN/GaN interface by attracting mobile carriers from 
surface states. Meanwhile, a large band-bending occurs in AlGaN layer due to the 
existence of large electric fields sustained in such a thin epi-layer. It is interesting to point 
out that there exists a critical thickness of the AlGaN slab beyond which the polarization-
dipole would be neutralized by the flow of electrons from the valence band required to 
satisfy electrostatic boundary conditions. This critical thickness is given by the Matthews 
- Blakeslee criterion. As a result, the availability of 2DEG can be tunable through 
changing the AlGaN thickness as well as its composition which facilitates the transport 
properties in HEMTS and other devices accordingly.  
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Instead of an abrupt junction shown in Fig 5.1(a), Figure 5.1(b) gives us a different 
device structure to be utilized to create a 3-Dimensional electron gas. As introduced by 
Jena, the change of composition in AlGaN material provides variation of polarization 
field in 3-dimension way, which creates a region of fixed volume charge.  In Figure 
5.1(b), a linearly graded AlGaN layer is grown on Ga-face GaN with increasing Al-
composition towards the Ga-face (grading up). The compositional grading of AlGaN on a 
Ga-polar substrate (AlN or GaN substrates) results in a bound polarization ‘bulk’ charge 
density given by ∇ ∙ 𝑃 = 𝜌𝑃𝑂𝐿 . It results in an approximately constant net positive 
polarization charge. Same as in the formation of a 2DEG, those polarization charges are 
bound and do not contribute to electrical conductively directly. However, the electric 
field that is produced due to this charge is large enough to attract carriers from available 
sources of carriers from surface and remote dopants etc., resulting in the formation of a 
3D mobile electron slab. In fact, a 3D hole gas can be formed when the AlGaN film was 
graded in a reversal direction as shown in Fig 5.1(c), a linearly graded AlGaN layer is 
grown on the Ga-face GaN with decreasing Al-composition towards the Ga-face (grading 
down). The negative polarization charges attract carriers from acceptor-like impurities.  
 
There are two critical aspects determining the film polarization property. First, the 
polarization field strongly depends on the polarity of the film. Thus for N-face GaN or 
AlN substrate, the situation is opposite to that described in the figures above. Grading “up” 
will create 3D holes and grading “down” will create 3D electrons gas. Second, since the 
polarization is dependent on the material composition which changes spatially, it is 
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determined by two major factors: One is the grading profile sharpness which is affected 
by film thickness as well as the beginning and the end of composition in epi-layer. 
Another one is the shape of the grading profile of Al composition. A linear change of Al 
composition will produce a linear change of spontaneous polarization across the entire 
film. Though the piezoelectric component of polarization does not change linearly with 
composition, the strain between the end layers is usually small (less than 2%) thus it does 
not affect the total changes of polarization much, leaving it approximately linear. As a 
result, a linear change of Al composition leads to a linear change of total polarization. 
Alternatively, if the composition is changed in a parabolic shape, the distribution of total 
polarization is non-linear. In our investigated GRINSCH structures, we changed the 
graded AlGaN layer linearly. 
 
Thus, developing an AlGaN based UV emitter having a GRINSCH configuration not 
only provides better optical mode and carrier confinement for the active region, but also 
gives the ability to utilize the polarization field to improve n- and p-type doping of 
AlGaN films, which explores the possibility of high conductivity n-type and p-type film 
with high Al content AlGaN, necessary for realization of deep UV optoelectronic devices.  
Eventually, the challenges will still come in the high quality of epitaxial growth of these 
special structures by PAMBE. A careful and systematic study of graded AlGaN growth is 
required and here we will focus on the n- and p-type graded AlGaN and their 
combination to demonstrate diode behavior in UV area for realization of electrically 
injected UV diodes. 
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5.2 Polarization induced n-type doping 
The first realization of polarization-induced bulk n-type doping in III-nitride 
semiconductors was done by Jena [Jena et al., 2002]. Wide slabs of high-density mobile 
electrons without introducing shallow donors but with superior transport properties was 
demonstrated by grading the Al composition of an AlGaN film from 0 to 30% of Al 
molar fraction. They claimed this was attributed to the increase in the polarization 
charges formed by the graded AlGaN structures. In this section, a series of bulk and 
graded AlGaN films were produced by PAMBE and a complete set of data regarding 
their electrical and optical properties were collected.  
5.2.1 Electrical properties 
In order to verify the superior electrical properties of n-type AlGaN film with ‘grading up’ 
structure on metal polar template, one sample V2923 with grading up AlGaN film, one 
sample V2919 with grading down AlGaN film and the controlled sample V2917 with 
bulk AlGaN were designed and grown, as seen in Figure 5.2 (a), (b), (c). Hall-effect 
measurements were performed to study the electrical characterization of those films. Free 
carrier concentration and electron mobility can be extracted based on measurements.  
 
Figure 5.2 (a) bulk sample (b) grading up sample (c) grading down sample 
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Table 5.1 graded AlGaN sample list  
sample Device structure 
Carrier concentration  
(cm-3) 
Mobility 
(cm2/V·s) 
V2917 Si-doped 270nm Al0.65Ga0.35N  1.63*1019 1.834 
V2923 
Si-doped 10nm Al0.65Ga0.35N / 260nm 
Al0.30Ga0.65N to Al0.65Ga0.35N  
3.61*1019 6.06 
V2919 
Si-doped 10nm Al0.65Ga0.35N / 260nm 
AlN to Al0.65Ga0.35N   
Too resistive NA 
 
Room temperature Hall-effect measurements were performed on sample V2917, V2919, 
V2923. The free carrier concentration and Hall mobility are listed in the Table 5.1. 
Sample V2923 with grading up AlGaN structure showed the highest carrier concentration 
with 3.61*1019 cm-3 and highest hall mobility of 6.06 cm2/V·s. In contrary, sample 
V2919 with grading down AlGaN structure seems to be very resistive since the Hall 
measurements showed very noisy data. Thus mobility and carrier concentration could not 
be extracted. The controlled sample without grading AlGaN structure shows normal data 
with carrier concentration of 1.63*1019 cm-3 and mobility of 1.834 cm2/V·s, as most of n-
Al0.65Ga0.35N we have produced.  All three samples were grown on metal-polar AlN 
template. Sample V2923 has a linearly ‘grading up’ AlxGa1-xN layer which results in an 
approximately constant positive polarization charge which attracts mobile free electron 
from surroundings (the surface, remote dopants like silicon here), leading to 
accumulation of the electrons on the surface. Even though sample V2919 was also doped 
with silicon, due to a reversal Al-composition grading profile in AlGaN films, the 
polarization induced charges neutralized the ionized dopants from silicon and became a 
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very resistive film. The sample without any grading AlGaN films shows reasonable range 
of n-AlGaN films.   
5.2.2 PL studies on n-type graded samples 
Room temperature PL studies were conducted to understand the optical properties of 
these graded and bulk AlGaN films. Fig 5.3 shows the PL spectra of three samples. 
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Figure 5.3: PL spectral of graded AlGaN films 
 
Based on the PL spectral shown in Fig 5.3, even though both graded samples V2923 and 
V2919 have a 10 nm Al0.65Ga0.35N capping layer on top of graded AlGaN film, their peak 
intensities and emission wavelength are different. The grading up sample V2923 which 
has highest conductivity shows a longer peak wavelength at 272.89nm with larger full 
with half maximum (FWHM). In contrary, the sample V2919 with grading down AlGaN 
film, which revealed as highest resistance sample has shortest peak wavelength, emitting 
at 265nm. The bulk Al0.65Ga0.35N film shows sharpest peak emitting at 266.6nm and 
highest PL intensity. The observation of broader PL peak is attributed as follows: In the 
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compositional graded AlGaN film, the optical band gap is also grading in a proper 
direction, which might induce the occurrence of spontaneous emission along the entire 
graded film. As a result, the PL spectra become much broader compared to the bulk films 
with same Al composition. The carrier recombination that happened inside the graded 
AlGaN led to the broadening and the shift of peaks. (We need to discuss these 
interpretations) 
5.2.3 Summary  
As been demonstrated above, polarization induced n-type doping proves to be an 
effective way to generate more mobile electrons in AlGaN based heterostructures. 
Depending on the grading profile along the growth direction, graded junctions result in 
different charge density profiles. Transport measurements revealed the superior 
distribution of the polarization induced electrons. A significant increase in carrier 
mobilities (carrier concentration of 3.61*1019 cm-3 and electron mobility of 6.06 cm2/V·s) 
in proper polarization n-type doped structures as compared to impurity doped bulk 
structures (carrier concentration of 1.63*1019 cm-3 and mobility of 1.834 cm2/V·s) is seen. 
Such polarization-induced three-dimensional electron slabs can be utilized in a variety of 
device structures owing to their high conductivity and continuously changing energy gap, 
in particular for GRINSCH devices. This same technique can be applied to produce high 
conductive p-type AlGaN films. Different grading schemes can be used to obtain desired 
hole concentrations in conducting layer that were limited by the poor doping efficiency of 
Mg-doped AlGaN films.  
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5.3 UV emitters based on an AlGaN p-n junction in the form of GRINSCH 
In this section we present our initial results for making an AlGaN-based electrically 
pumped UV emitter designed in the form of GRINSCH. Due to polarization doping 
resulting from the opposite compositional grading of the AlGaN in either side of the 
active region, a p-n junction is formed even without intentional doping. The formation of 
such p-n junctions was confirmed by solving self consistently the Schrodinger and 
Poisson’s equations. The devices were grown on the Si-face of 6H-SiC by PAMBE. 
Several of them were grown without any impurities and some with intentional 
incorporation of Mg and Si in the graded layers. In order to improve p-type conductivity, 
either a homogenous p-type Al0.3Ga0.7N film or a p-type Al0.2Ga0.8N/Al0.4Ga0.6N 
superlattice was incorporated in the bottom of the heterostructure. These structures were 
fabricated into p-n junction devices by mesa etching and I-V characteristic measurements 
were carried out. The electroluminescence emission of these devices was also measured.  
5.3.1 Introduction        
In previous chapters, we proposed a new design for the fabrication of deep UV lasers 
based on AlGaN alloys in the form of GRINSCH. Such laser device structures were 
successfully used in traditional III-V compounds and were found to have the lowest 
threshold current. In addition to the efficient carrier and optical field confinement in 
lasers based on the GRINCH configuration, such laser designs based on AlGaN alloys 
have the additional advantage of automatically leading to a p-n junction formation due to 
compositional grading of the AlGaN alloys in either side of the active region of the 
device. Thus, such an AlGaN laser structure has the potential to overcome the difficulties 
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associated with the efficient doping of AlGaN alloys. In the following section, we apply 
the concept described previous chapters to produce an electrically pumped UV emitter 
based on an AlGaN GRINSCH configuration emitting in the near UV spectral region. 
 
The AlGaN-based GRINSCH devices were grown by PAMBE on the Si-face of (0001) 
6H-SiC substrates. The detailed preparation of SiC substrate prior to the growth was the 
same as described in previous chapter. SiC substrates have a number of advantages for 
the growth of nitride semiconductors. This includes as small (about 1%) lattice mismatch 
between AlN and SiC, high thermal conductivity, and the ability to form facets by 
cleaving. At the same time there are also a number of challenges during the epitaxial 
growth of these materials on SiC. Such include, for example, the accidental nitridation of 
the SiC substrate prior to epitaxial growth and the formation of stacking mismatch 
boundaries at the step edges due to the polytype difference between 2H-AlGaN and 6H-
SiC. 
5.3.2 Device design and film growth 
The GRINSCH structure investigated in this work is shown schematically in Figure 5.4. 
First, a 300 nm thick AlN film was grown at substrate temperature of 850 °C, measured 
with a thermocouple positioned behind the substrate. The details of initiating AlN growth 
on 6H-SiC were reported previously in chapter 3. Gallium was employed as a surfactant 
during AlN growth in order to improve the crystalline quality and reduce oxygen 
incorporation [Al Tahtamouni et al., 2012; Moustakas et al., 2011; Moustakas et al., 2012; 
Zhang et al., 2012]. Then the substrate temperature was lowered to 790 °C for the 
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deposition of the device layers. Three types of devices structures were investigated. The 
first structure (device A) consists of 100 nm AlxGa1-xN film, whose composition was 
graded linearly from x=0.3 to 0 and then another 100 nm AlxGa1-xN film, whose 
composition was graded linearly from x=0 to 0.3. As discussed in the next section the 
bottom and the top AlxGa1-xN films were doped by polarization p-type and n-type 
respectively. The second structure (device B) is identical to the first one but in addition 
Mg was added during the growth of the bottom AlxGa1-xN film and Si was added during 
the growth of the top AlxGa1-xN film. Finally, the third structure (device C) is identical to 
the second structure except a 300 nm p-Al0.3Ga0.7N was inserted between the AlN and the 
bottom graded AlGaN layer in order to reduce the parasitic resistance associated with the 
lateral transport in the bottom p-layer. In all three structures Indium was used as a 
surfactant during the growth of the graded AlxGa1-xN films [Monroy et al., 2003]. 
 
In addition, prior to growing the GRINSCH devices we also separately under identical 
growth conditions grew the corresponding n-and p-type films, which were used in the 
investigated GRINSCH structures. Specifically, we grew and characterized the following 
films: (a) SiC / AlN (300nm) /AlxGa1-xN (100nm) with x varying from 0 to 0.3; (b) SiC / 
AlN (300nm) /AlxGa1-xN: Si  (100nm) with x varying from 0 to 0.3; (c) SiC / AlN 
(300nm) /AlxGa1-xN (100nm) with x varying from 0.3 to 0; (d) SiC / AlN (300nm) 
/AlxGa1-xN: Mg (100nm) with x varying from 0.3 to 0; (e) SiC / AlN (300nm) p-
Al0.3Ga0.7N (300nm)/AlxGa1-xN: Mg (100nm) with x varying from 0.3 to 0. 
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The three GRINSCH structures were fabricated into light emitting devices by forming a 
300 µm x 300 µm mesa using Cl2-based reactive ion etching (RIE) as shown 
schematically in Figure 5.4. Ohmic contacts to the top n-layer were formed by electron 
beam evaporation of a Ti(20nm)/Al(40nm)/Ni(25nm)/Au(25nm) metal stack, followed by 
rapid thermal annealing at 900 ºC in a nitrogen atmosphere. Similarly Ohmic contacts to 
the bottom p-layer were formed by e-beam evaporation of Ni (5nm)/Au(5nm) bilayer, 
followed by annealing at 500⁰ C for 10 min. The resistivity of the individual n- and p-
graded AlGaN films including the one with the 300 nm homogeneous p-Al0.3Ga0.7N were 
characterized by structuring the samples in the Van der Pauw configuration. 
 
Figure 5.4: Schematic of the investigated GRINSCH structure 
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Figure 5.5: (a) Schematic illustration of AlGaN compositional grading and the variation 
of the magnitude and the direction of the polarization vector relative to the direction of 
growth; (b) Polarization-induced n- and p-type doping in the two compositionally graded 
AlGaN films. 
 
Figure 5.5 illustrates schematically of how the two compositionally graded AlxGa1-xN 
films in the investigated devices are doped by polarization p-type (the bottom AlxGa1-xN 
film) and n-type (the top AlxGa1-xN film). Figure 5.5(a) shows the compositional 
variation of the two AlxGa1-xN films, the [0001] direction of growth (Ga-polar), and the 
direction and variation of the magnitude of the total polarization vector which results 
from the addition of the spontaneous and piezoelectric polarization in the two 
compositionally graded AlxGa1-xN films. Figure 5.5(b) shows schematically of how 
polarization leads to doping of the bottom and top AlGaN compositionally graded layers 
p-type and n-type respectively. Specifically, compositionally grading of AlxGa1-xN from 
x=0.3 to x=0 along the [0001] direction leads to negative polarization charges resulting in 
p-type doping of the film through polarization assisted ionization of various acceptor-like 
impurities or defects. Similarly, linearly grading AlxGa1-xN in the reverse direction, x =0 
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to x=0.3, creates positive polarization charges, which in turn dopes the film n-type 
through polarization assisted ionization of donor-like impurities or defects.  The density 
of the polarization charges is related to the spatial variation of the total electric 
polarization vector P and can be calculated from the expression ρpol = - ▽·P . Thus, the 
polarization charge density depends on the degree of compositional grading and the 
thickness of the graded AlGaN film.  
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Figure 5.6: Band diagram simulations in the graded region shows the formation of a p-n 
junction. 
 
The energy band diagram, of the device described in Figure 1, was modeled by solving 
self-consistently the Schrodinger and Poisson’s equations, and the results are shown in 
Figure 3. These calculations were done using a commercially available software package 
(Crosslight LASTIP). The band diagram in this figure clearly indicates the formation of a 
p-n junction. In Figure 5.6, we also show the free carrier concentration in the p-and n-
  
 
145 
sides of the junction. As described previously in Figure 5.5, this level of doping (1018cm-3) 
in both sides of the junction assumes the existence of sufficient amount of acceptor-like 
or donor-like impurities or defects in either side of the junction, which can be ionized by 
polarization. Such impurities or defects may occur naturally during the growth process or 
may be introduced intentionally by incorporating dopants during growth. Thus, according 
to the data of Figure 5.6 the maximum expected polarization induced carrier 
concentration for the device described in Figure 5.4 is 1018 cm-3 for both the n- and the p-
sides of the junction.  
5.3.3 Electrical properties of GRINSCH devices 
Figure 5.7 shows the I-V characteristics of the five n-and p-type films, which were grown 
under identical conditions as those employed in devices A, B, and C. The linearity in 
these data is an indication that the contacts are Ohmic. Table 5.2 shows the resistivity of 
the same five films. These data indicate that doping the graded layers with Si or Mg 
reduces their resistivity by a factor of about 90 and 30 respectively. The fact that the 
conductivity of the n- and the p-sides increased significantly upon intentional 
incorporation of Si and Mg in either side of the junction is an indication that there were 
not sufficient donor-like or acceptor-like naturally occurring impurities or defects to be 
ionized by polarization. Thus, the incorporation of dopants was necessary in order to 
obtain free carrier concentrations close to what predicted theoretically in Figure 5.6.  
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Table 5.2 listed the resistivity of the five n-and p-type films, which were incorporated in 
Device A, B, and C. 
 
film Resistivity 
(Ω∙cm) 
a 1.926 
b 0.021 
c 32.338 
d 1.243 
e 0.359 
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Figure 5.7: (a) I-V characteristics for the two n- type samples {SiC / AlN (300nm) 
/AlxGa1-xN (100nm) with x varying from 0 to 0.3; and SiC / AlN (300nm) /AlxGa1-xN: Si  
(100nm) with x varying from 0 to 0.3};  (b) I-V characteristics for the three p-type 
samples {SiC / AlN (300nm) /AlxGa1-xN (100nm) with x varying from 0.3 to 0; SiC / 
AlN (300nm) /AlxGa1-xN: Mg (100nm) with x varying from 0.3 to 0; and SiC / AlN 
(300nm) p-Al0.3Ga0.7N (300nm)/AlxGa1-xN: Mg (100nm) with x varying from 0.3 to 0}. 
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Figure 5.8 shows the I-V characteristics of the three investigated GRINSCH devices. The 
I-V characteristics of device A(black curve) indicates rectification, however, the high 
turn-on voltage is evidence of a parasitic series resistance within the device. One source 
of such parasitic resistance is the lateral resistance of the bottom thin p-AlxGa1-xN film. 
The I-V characteristic of device B (blue curve) shows better rectification, which is 
consistent with polarization assisted ionization of the incorporated Mg-impurities in the 
bottom p-AlxGa1-xN film. However, even in this device the turn-on voltage is still high, 
indicating that the lateral resistance of the bottom p-layer is still high. Device C was 
specifically designed to address this issue by incorporating a 300 nm p-Al0.3Ga0.7N film 
below the active region of the device. The I-V characteristic of device C (red curve) 
shows clearly that indeed the limitation in the previous two devices was the lateral 
resistance of the bottom compositionally graded p-AlxGa1-xN film. Further improvement 
is expected by proper optimization of the p-Al0.3Ga0.7N film.   
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Figure 5.8: I-V characteristics of all three types of investigated AlGaN GRINSCH 
structures show rectification associated with the formation of p-n junctions. The device 
with the p-Al0.3Ga0.7N on the bottom of the heterostructure (Device C) was found to turn-
on at the expected energy gap of GaN. The high turn-on voltage of the other two diodes is 
indicative of parasitic Ohmic losses. 
 
In conclusion, based on the experimental result, the etching depth plays a critical role in 
the device performance of GRINSCH-based diodes. A systematic study of the 
relationship between etching depth and electrical characteristics of GRINSCH pn-
junction is necessary. 
 
5.3.4 Optical characterization of GRINSCH devices 
The room temperature electroluminescence (EL) spectra from device C under DC 
injection of 20 mA are shown in Figure 5.10.  These spectra show a strong peak at 352 
nm, with a broad shoulder at shorter wavelengths. These data are consistent with 
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recombination of injected minority carriers in the p-and n-layers of the junction, which as 
shown in Figure 5.6, the energy gap increases away from the metallurgical junction. The 
larger peak at 352 nm results from recombination of minority carriers, injected close to 
the metallurgical junction, while the broad shoulder results from recombination away 
from the metallurgical junction due to the larger diffusion length of electrons. The 
recombination route leading to the broad shoulder can be minimized by the employment 
of an electron blocking layer as in traditional LEDs. Of course the ideal device structure 
should also include quantum wells between the p-and n- layers.   In addition, the shoulder 
on left of main peak is observed extending to the energies beyond the GaN bandgap of 
3.4eV signifies radiative recombination occurring in the graded AlGaN layer due to 
partial electron spillover which is in qualitative agreement with the triangular junction of 
the GRINSCH structure. Building on these preliminary results the emphasis in the 
remaining of issues will be to (1) optimize the compositionally graded wave guiding 
regions,(2)achieve optical gain medium and (3) perfect the formation of cavity so that the 
device will lase upon electrical injection. 
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Figure 5.9: Electroluminescence (EL) spectra for the GRINSCH structure with the p-
Al0.3Ga0.7N template on the bottom of the heterostructure. 
 
5.3.5 GRINSCH device with a p-doped Al0.4Ga0.6N/ Al0.2Ga0.8N super-
lattice 
Instead of a 300nm p-Al0.3Ga0.7N bulk template introduced as shown in Figure 5.4, an 
appropriate design of super-lattice (SL) was employed in order to further improve the 
conductivity of p-layer under bottom p-type graded AlGaN film. Here we employed 
a500nm Mg-doped SLs at the bottom of the GRINSCH device. This SLs layer consists of 
100 pairs of 2.5nm Al0.2Ga0.4N/ 2.5nm Al0.4Ga0.6N with an average of Al composition 
of 0.3. Figure 5.11 shows the device schematic.  A quantum well of 2nm Al0.2Ga0.8N was 
inserted between two graded layer as an active layer.  
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Figure 5.10: Schematic of the investigated GRINSCH structure with a SP layer 
 
Figure 5.12 shows the I-V characteristics of n-and p-type AlGaN films. Figure 5.12 (a) 
shows a straight line of I-V curves indicating the Ohmic contact of n-type AlGaN film. 
However, the I-V curves of p-type film shows a non-Ohmic behavior. The metal contacts 
contribute an additional parasitic resistance. 
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Figure 5.11: (a) I-V characteristics for the n- type layer and (b) p-type layer of device 
shown in Fig 5.10. 
 
The current-voltage measurement for the diode being operated under DC injection 
condition is illustrated in Fig. 5.13. The turn on voltage is determined to be 10V which is 
slightly higher than the device C we have discussed previously. The difference may 
originate from the Schottky barriers observed from the metal-semiconductor junction. 
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Overall, the results are comparable to the value of reported earlier and a further 
optimization of the growth condition during the SLs growth is required. This device 
design indicates another solution for efficient lateral and vertical hole transport in high Al 
content AlGaN film in the development of GRINSCH structure for diodes application. 
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Figure 5.12: I-V characteristics of the investigated AlGaN GRINSCH structures show 
rectification associated with the formation of p-n junctions. The device with the p-
Al0.2Ga0.8N/Al0.4Ga0.6N on the bottom of the heterostructure was found to turn-on at 
larger voltage. The high turn-on voltage indicates high parasitic resistance from contact 
resistance as well as bottom p-type film. 
 
5.4 Conclusion 
In summary, we have reported the formation of an electrically pumped AlGaN-based 
light emitting diode in the form of a GRINSCH configuration. The devices consist of 
100nm AlxGa1-xN compositionally graded from x=0.3 to 0 and x=0 to 0.3 in the two sides. 
The bottom and top graded regions are doped by polarization p-type and n-type 
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respectively leading to the formation of a p-n junction. The solution of the Schrodinger 
and Poisson’s Equations self-consistently indicates that this device structure is capable of 
being doped by polarization to the level of 1018 cm-3 in both the p- and n-sides. This of 
course assumes the existence of acceptor-like or donor-like impurities or defects that can 
be ionized by polarization. Our data indicate that the two graded AlGaN regions are 
doped by polarization p- and n-type even without the incorporation of intentional dopants. 
However, conductivity studies on identical compositionally graded AlGaN films indicate 
that upon incorporation of Mg or Si the conductivity increases by a factor of 30 and 90 
respectively. This is an indication that the naturally occurring during growth acceptor-like 
and donor-like impurities or defects are not sufficient to dope the two regions of the 
junction to the level predicted theoretically. To reduce the parasitic resistance due to the 
lateral resistance of the bottom p-layer in one of the devices we had included in addition a 
homogeneous p-Al0.3Ga0.7N as shown in Figure 5.4. This device shows the best 
rectification characteristics and upon DC injection of 20 mA it shows a strong 
electroluminescence spectrum with the peak emission at 352 nm. A GRINSCH device 
with SLs as bottom p conducting layer was employed but further optimization in the SLs 
growth is required in order to achieve high lateral and vertical conductivity of p-type 
AlGaN film. Overall, these preliminary results indicate that AlGaN-based GRINSCH 
structures have the potential to be used for the development of UV lasers and in 
particularly deep UV lasers because in addition to the confinement of the optical mode 
the proposed structure leads to p-type and n-type doping of the AlGaN alloys. 
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Chapter 6  
Surface structuring of phosphors for light extraction 
6.1 Introduction 
Wavelength down-converters are an important component of most solid-state lighting 
(SSL) applications since the efficiencies of direct-emitting green, yellow, and amber 
light-emitting diodes (LEDs) remain inferior to the efficiencies of phosphor-converted 
LEDs (pc-LEDs) for those same colors, which are based on InxGa1-xN. The majority of 
white light emission is realized by conversion using one (yellow in basic) or more 
phosphor components (green, red for higher quality white) in various applications.  
Whether it is the only phosphor present, or as a component in a phosphor blend, cerium-
doped yttrium aluminum garnet [(Y1-xCex)3Al5O12, YAG:Ce)]  is the most popular yellow 
phosphor used in pc-LEDs. Most often, YAG:Ce is used in powdered form, where the 
powders are dispersed in a polymer matrix [Schlotter et al., 1997.; Schubert et al., 2006.]. 
While highly cost-efficient, a disadvantage of the powder-in-polymer approach is that 
these phosphor powders are comprised of highly scattering micro-size particles that can 
lead to significant backscattering losses. More importantly, the powdered phosphors are 
almost always dispersed in polymers such as silicones or epoxies with low thermal 
conductivity, and these polymers prevent efficient heat dissipation, which limits the 
phosphor performance due to thermal degradation [Tamura et al., 2000]. This problem is 
particularly troublesome in applications that require high light flux or elevated 
temperature (e.g. projection, automotive headlights, etc.). 
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In order to overcome these issues, scatter-free or low-scattering phosphors with strong 
blue absorption, high quantum efficiency, and efficient heat dissipation are needed. 
Recently, polycrystalline ceramic or single crystalline YAG:Ce converters have been 
developed, and both OSRAM and Philips Lumileds have commercially available lighting 
technologies the make use of ceramic converters  [Kasuya et al., 2007; Nishiura et al., 
2011; Raukas et al., 2013].  While the internal efficiencies of YAG:Ce single crystalline 
or ceramic converters can be quite high, they have lower light extraction efficiency than 
porous ceramic converters or conventional powder-in-silicone phosphors due to the 
narrow light escape cone, which is defined by the total internal reflection (TIR) critical 
angle, 𝜃𝑐 = 𝑎𝑟𝑐𝑠𝑖𝑛(𝑛𝑎𝑚𝑏𝑖𝑒𝑛𝑡/𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟)  at the planar emitting surface relative to 
interface normal. For extraction into air, the critical angle is approximately 33° for 
YAG:Ce (n = 1.82). In such a case, a significant portion of the light is reflected at the 
converter/air interface, which leads to the trapping of the converted light (the yellow 
emission) in guided modes where the radiation is either absorbed or emitted out from the 
plate edges. Only a very small portion (1 2⁄ ∫ sin(𝜃) 𝑑𝜃
𝜃𝑐
0
 ≈ 8%) can be extracted from 
the top surface. Furthermore, from the viewpoint of blue light absorption, there is a 
decrease of absorption efficiency in such highly translucent phosphor plates compared to 
those of higher scattering, which leads to the low generation of converted light [Hoo 
Keun Park et al., 2011]. For transparent ceramic or single crystal converters to be used in 
solid state lighting applications, it is essential to improve their light extraction efficiency 
and maintain their high internal efficiency. 
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One approach to improve the light extraction efficiency is to incorporate a photonic 
crystal layer (PCL) on the top of the surfaces [Joannopoulos, 2008]. Directly forming a 
PCL in YAG:Ce is difficult with standard reactive ion etching processes since it is 
chemically and thermally stable.  We will show the experimental results via direct 
etching on YAG in next section. Therefore, depositing a thin film of another material on 
the YAG:Ce surface offers a good alternative. SiO2, TiO2, and Si3N4 are popular photonic 
bandgap materials used in the formation of PCLs on phosphor plates [Mao et al., 2013;] 
and they can be deposited on a large scale with low-cost processes. In particular, the high 
transparency at visible wavelengths and the relatively large refractive index (~2.4) of 
TiO2 makes it a favorable material for making PCLs on YAG:Ce ceramic converters, as 
the yellow emission from the YAG:Ce ceramic phosphor plate is easily coupled into the 
TiO2 layer. Mao et al. [Mao et al., 2013] reported an improvement of forward yellow 
emission from TiO2 PCLs patterned on YAG:Ce, but they only studied the effect of the 
height of the nanorods on the yellow light extraction efficiency. The Y. R. Do [J.R. Oh et 
al., 2009] research group has published a number of papers in which they investigated 
certain aspects of either SiNx- or SiO2-based PCLs on top of various converter plates (e.g. 
YAG:Ce, Y2O3:Eu
3+, Y2O3:Tb
3+, and SrGa2S4:Eu
2+) [H.K. Park et al., 2011]. However, 
there has not been a systematic study published on a PCL-coated YAG:Ce ceramic 
converter, where the structural parameters such as the height, diameter/fill-factor, and 
lattice constant of the PCL have been reported. In addition, we are not aware of a 
systematic study of these structural parameters of TiO2 PCLs on YAG:Ce ceramic or 
  
 
159 
single crystal converters that incorporates both experiments and optical modeling 
simultaneously.  
 
In this chapter, we studied the etch of YAG:Ce ceramic plates with and without TiO2 
coating by using nano-sphere lithography. More importantly, I have investigated the 
fabrication of TiO2 PCLs on ceramic YAG:Ce by electron beam lithography (EBL). In 
order to maximize the efficiency of transparent or highly translucent YAG:Ce ceramic 
converters, a more in-depth understanding of factors affecting the light extraction is 
required. The effects of structural parameters (diameter, height and lattice constant) of 
TiO2-based 2D PCLs on the enhancement ratio of the extraction efficiency of YAG:Ce 
ceramic converters were studied experimentally as well as through numerical calculations. 
The optical properties of the fabricated PCLs were characterized and numerically 
calculated. 
6.2 Etching on YAG:Ce  
Direct patterning the surface of ceramic phosphor plates is a straightforward way to 
obtain large light extraction efficiency with minimum fabrication cost because a portion 
of light will be scattered and absorbed by photonic bandgap layer coated on YAG:Ce 
ceramic plates,  In this section, we discuss of how we used nanospheres as a direct mask 
during the RIE. 
 
Self-assembled two-dimensional close-packed SiO2 /polystyrene (PS) microlens arrays 
on top of light emitting devices have resulted in low-cost and large scale approach to 
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enhance light extraction efficiency. Commercial SiO2 nanospheres with different 
dimensions in between 400nm to 1um are available in market. The deposition of 
amorphous SiO2 microsphere arrays onto YAG:Ce was achieved by employing dipping 
method.  Before deposition, solvent cleaning of YAG:Ce under ultrasonic condition were 
performed. In the process of deposition, firstly, 600-nm diameter amorphous SiO2 
microspheres were dispersed into DI-water to form the suspension with a volume fraction 
of 5%, which was then immersed in the ultrasonic bath for 5 minutes. Afterwards the 
YAG:Ce sample was dipped into the suspension and then slowly raised out. The 
deposition experiment was carried out under the vented hood for faster water evaporation 
on YAG:Ce surface. As the water evaporated, the surface tension caused the amorphous 
SiO2 microspheres to attach onto the YAG:Ce surface to form the arrays. SEM images 
were taken, and Fig 6.1 shows SEM image of surface morphologies of SiO2 microsphere 
arrays on top of YAG:Ce, indicating that the amorphous SiO2 microspheres formed a 2D 
monolayer and relatively close-packed arrays as shown by utilizing the optimized 
condition of the dipping method. The whole deposition was performed in the class-1000 
clean room to ensure the clean surface morphology, and a uniform layer of aqueous SiO2 
suspension coated over the whole wafer can be obtained. 
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Figure 6.1 : SEM images of 600-nm amorphous SiO2 microspheres deposited via the 
dipping method with optimized condition on YAG:Ce surface. 
 
Figure 6.2(a) and (b) shows the SEM and AFM studies on an etched YAG:Ce by using 
600nm SiO2 spheres respectively. The etching condition was 1 sccm of Ar mixed with 10 
sccm of SF6 under a 5 mTorr of chamber pressure with plasma power of 350 W for 4 
minutes. The etching depth is around 100nm, which is far below desired depth of 300nm. 
YAG:Ce CPPs are such a hard material to be etched directly.  
 
Figure 6.2 (a) SEM and (b) AFM studies on an etched YAG:Ce shows an etching depth 
of 100nm 
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Figure 6.3 Angular dependent PL spectral of patterned YAG:Ce 
 
Figure 6.3 shows angular dependent PL results on the etched sample shown in Figure 6.2. 
Overall, a slightly improvement of yellow light extraction efficiency in the range of -40 
to 40 degree was observed. However, the intensity slightly dropped in the forward 
direction.  
6.3 Sphere lithography  
TiO2-coated YAG:Ce ceramic converters were provided by OSRAM Corporate 
Technology. The thickness of the TiO2 film was 350 nm. Figure 6.4 shows an image of a 
TiO2-coated YAG:Ce sample and its transmittance characteristics.  
 
The expected absorption band from the 4f↔5d Ce3+ transition can be seen in the blue 
region. For wavelengths longer than 520 nm, the YAG:Ce ceramic converter shows 
transparency values of ~83% ,which is very close to the value predicted by the Fresnel 
equations (84.4% at normal incidence), indicating a highly dense material with almost no 
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internal scattering. Even after TiO2 coating, no significant change of sample transparency, 
particularly at longer wavelengths (>500 nm), was observed. 
 
Figure 6.4. (a) Picture of YAG:Ce ceramic sample; and (b) transmittance data of 
YAG:Ce before and after TiO2 coating. 
 
Afterwards, a nano-holes and nano-rods structure as two-dimensional (2D) photonic 
crystal was fabricated on the YAG:Ce CPPs by a combination of e-beam evaporation, 
reactive ion etching (RIE) processes and wet etching. Figure 6.5(a) and (b) shows the 
fabrication process of nano-rods and nano-holes respectively. For the formation of nano-
rods, it is a straightforward step by doing RIE etching under a mixture gas of SF6 and Ar 
with a gas ratio of 10:1.  The rest of nano spheres were removed by ultrasonic agitation. 
However, the process of producing nano-holes is more complex as shown in Fig 6.5 (b). 
Nanospheres were shrunk by RIE etching process, leaving a desired space between two 
balls to be used as a deposition mask. Then a 40nm Cr mask layer for selective TiO2 
etching was deposited by e-beam evaporation and the rest of nanospheres were removed. 
The Cr hole/TiO2/CPP was etched by RIE process and the remained Cr mask layer was 
removed by Cr etchant. Figure 6.6 (a) and (b) shows the final surface morphologies of 
  
 
164 
TiO2 nano-rods and nano-holes on top of YAG:Ce. The sidewall of each nano-rods are 
not perfectly steep due to un-isotropic RIE etching.  
 
Figure 6.5: fabrication process of (a) TiO2 nano-rods and (b) TiO2 nano-holes 
respectively 
 
 
Figure 6.6: surface morphologies of (a) TiO2 nano-rods and (b) nano-holes on top of 
YAG:Ce 
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Figure 6.7: (a) The forward light emission from a PCL-structured YAG:Ce 
sample(Figure 6.6(a),blue curve) and a non-structured reference (red curve) and bare 
YAG sample(black curve); and (b) the angular dependence profile of PCL- areas, non-
structured areas and bare of the sample YAG:Ce sample.(c)the ratio of yellow, blue light 
between PCL- areas, non-structured areas and bare YAG:Ce areas. 
 
Figure 6.7 show a significant increase in total light output at all angles and nearly 80% 
increase in yellow light out for low angles.  
 
6.4 PCL generated by E-beam lithography  
6.4.1 Introduction 
Electron-beam lithography (EBL) has become a popular tool to generate all kinds of 
PhCs, in particular, for feature sizes down to 20 nm.  The principle of EBL is that an 
electron beam scans across an electron sensitive resist covered on sample surface in a 
pattern designed by Nanometer Pattern Generating System (NPGS). The e-beam changes 
the solubility of the resist enabling selective removal of either the exposed or non-
exposed regions of the resist by immersing it in a solvent. Table 6.1 listed a comparison 
of the characteristics of photo-lithography and EBL. 
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Table 6.1: Comparison of the characteristics of photo-lithography and EBL 
Photo-lithography Electron-beam lithography 
High speed for large shapes High speed for complex patterns 
High speed, parallel exposure Point by point exposure, limits speed 
Light diffraction limits minimum feature size Not diffraction-limited, resolution 10-20nm 
 
The most advantage of generating patterns by EBL is that it offers a huge flexibility on 
the patterns and is very suitable for complex patterns like circles, rings, and for nano 
structures.  It is a direct write systems use an electron beam spot moved with respect to 
the wafer to expose the wafer one pixel at a time. In a serial process, expose a single pixel 
at a time and move to next pixel. As a result, it is mostly useful for research-oriented 
project with limit volume output.  
 
6.4.2 Experiments 
Highly uniform TiO2 PCLs were generated by an EBL process. Figure 6.8(a) shows the 
fabrication procedure of the PCLs using the EBL method. First, PMMA 950 A3 solution 
(MicroChem) was spun on a TiO2-coated YAG:Ce substrate. Following this step, the 
electron-beam exposure of PMMA was carried out on a Zeiss Supra 40 scanning electron 
microscope with a dose of 200 to 400 μC/cm2. Subsequently, the patterned PMMA film 
was developed and a layer of 35nm of Cr was then deposited on patterned PMMA 
substrates uniformly using e-beam evaporation. Then the residual PMMA was lifted off 
and the pattern was subsequently transferred from Cr into TiO2-coated YAG via reactive 
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ion etching using SF6/Ar under optimized conditions. Finally the Cr residue was removed 
by dipping the platelets in the Cr etchant.  
 
Figure 6.8(b) shows an SEM image of a TiO2 PCL structure having a lattice constant of 
580 nm, a diameter of 430 nm and an etched depth of 350 nm. The image clearly shows 
the nano-cylinders having smooth and vertical sidewalls, which indicates a successful 
anisotropic RIE etch. As mentioned earlier, a systematic study is required in order to 
figure out the optimized PCL structure for improving yellow light extraction efficiency.  
A series of patterns were fabricated and investigated. The fabricated PCLs contain 
various nano-cylinder arrays of periodic patterns with different diameters, heights and 
lattice constants (the period). The diameter of the nano-cylinders was varied from 390 nm 
to 508 nm and the height of the nano-cylinders was either 150 nm or 350 nm, depending 
on the time of dry etching. Table 6.2 lists the patterns that were made for this study. They 
were fabricated strictly following the same procedure as shown in Figure 6.8(a). Figure 
6.8(c) represents Pattern 1 which includes a 3 x 3 array of TiO2-based PCLs on YAG:Ce 
and the diameter of the TiO2 pillars varies from 390 nm to 508 nm with the same lattice 
constant of 580 nm. The height of the nano-cylinders in Pattern 1 is 350 nm. For 
comparison, Pattern 2 is identical to Pattern 1 with the exception a smaller height of 150 
nm.  Pattern 3 has the same structure as Pattern 1 but the lattice constant is 590 nm. 
Patterns 3 and 4 have the same PCL parameters except Pattern 4 has a smaller height 
(150 nm) than Pattern 3 (350 nm). 
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           Table 6.2. List of patterns generated by the EBL method. 
 Diameter (nm) 
Lattice 
constant(nm) 
Height(nm) 
Pattern 1 390 to 508 580 350 
Pattern 2 390 to 508 580 150 
Pattern 3 390 to 508 590 350 
Pattern 4 390 to 508 590 150 
 
 
 
Figure 6.8: (a) Fabrication procedure of the PCLs by EBL (not to scale); (b) tilted view 
of a TiO2-based PCL on YAG:Ce; and (c) SEM images of Pattern 1, which has a 3 x 3 
array of PCLs, where the diameter of the TiO2 pillars was varied from 390 nm to 508 nm, 
but the same lattice constant of 580 nm (arrows indicate increasing diameter). 
 
The emission properties of the PCL-coated YAG:Ce ceramic samples were characterized.  
For the angle-dependent emission, the sample was excited by a 375 nm laser diode where 
the spot size was focused to an area smaller than the PCL-structured region of the sample.  
An optical goniometer with attached Ocean Optics USB 4000 spectrometer was used to 
collect the emitted yellow light in an angle-resolved 45° cone.  For a more integrated 
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emission, the YAG:Ce samples were placed over a blue light emitting diode (OSRAM 
Golden Dragon with λdom = 447 nm from 1mm2 die), which was driven at a current 
density of 300 mA/mm2.  The emission spectra were collected through Olympus BH-2 
microscope with 100x objective (NA = 0.90) that was connected by an optical fiber to 
Ocean Optics USB 2000 spectrometer.  The 100x objective provided sufficient 
magnification so that the 200 µm x 200 µm PCL regions filled the entire field of view. 
The numerical aperture of 0.90 corresponds to a collection cone of approximately 64° 
(𝑁𝐴 = 𝑛 sin 𝜃), where θ is the half-angle of the full cone.  We refer to these two emission 
measurements as angular-dependent and forward measurements respectively.  For each 
PCL-structured sample and type of measurement, a non-structured area of the same 
sample was characterized for reference.   
 
6.4.3 Results and Discussion 
Figure 6.9(a) shows the integrated forward light emission for a sample with and without 
the TiO2 PCL. The parameters of the PCL are: diameter = 430 nm, lattice constant = 580 
nm and height = 350 nm.  The presence of the PCL causes a 4.4 times increase in yellow 
peak power and a 2.07 decrease in blue peak power.  
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Figure 6.9: (a) The forward light emission from a PCL-structured YAG:Ce sampled and 
a non-structured reference (the data are normalized such that the maximum value of the 
yellow peak of the PCL-structured sample is set to unity); and (b) normalized polar plots 
of the angular dependence profile of PCL- and non-structured areas of the sample 
YAG:Ce sample, including Lambertian profile. 
 
Without the PCL on top of the YAG:Ce ceramic converter, a significant portion of the 
light is trapped within the phosphor and wave-guided, and is eventually either absorbed 
or emitted from the edge of the sample. By incorporating 2D TiO2-based PCL, an 
enhanced external PL define efficiency was observed due to a combination of i) enhanced 
extraction of yellow emission around the platelet surface normal and ii) blue light 
recycling between the PCL and the LED die, which gives the exciting radiation a longer 
effective path length and thus a higher chance to be absorbed inside the platelet. Figure 
6.9(b) shows the angular-dependent measurement of the emitted yellow light. The far-
field pattern shows that the flat reference has an angular profile that is nearly Lambertian, 
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whereas the PCL-modified sample has an angular profile that is more forward-directed. 
This indicates the ability of the PhC to collimate the far field by changing light 
propagation direction at target wavelength, i.e. to extract the light primarily towards the 
surface normal.  
 
The forward (64° cone) yellow light emitted from the PCL-coated YAG:Ce ceramic 
samples (listed in Table 2) was integrated and compared to non-structured areas of the 
same samples.  
 
Figure 6.10 shows the enhancement factor of the yellow optical power versus the 
diameter of the TiO2 cylinders from each of the nine segments of the arrays for Patterns 1 
and 3. 
 
 
 
 
 Figure 6.10 (a) Fluorescence microscope image of Pattern 3 (arrows indicate increasing 
cylinder diameter); and (b) integrated yellow light enhancement factor for Patterns 1 and 
3, where the data have been normalized to the maximum value. 
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In both patterns, the data reveal a curve with a peak where the maximum occurs at a 
diameter of approximately 430 nm ± 10 nm. The curves show a jagged pattern due to 
possible optical interferences arising from the 2D TiO2 PCL grating. The enhancement 
factor increases as the diameter grows from 390 nm to 430 nm and it again decreases at 
higher values. The greatest enhancement factor corresponded to a diameter of 430 nm 
and a lattice constant of 580 nm based on a 2D hexagonal arrangement of a TiO2 PCL. 
Not surprisingly, there was no significant difference in enhancement factor between 
Patterns 1 and 3 since the lattice constants were so similar.  
 
A 3D FDTD model was employed to simulate the effect of the diameter of the TiO2 PCLs 
on the yellow light extraction efficiency for the Patterns 1 and 3. The simulation setup 
was critical in order to get the correct physics. We used dipoles with wavelength of 
550nm) as the excitation source placed in the center of the simulation volume, 40 nm 
away from the surface of the PCLs, and perfectly matched layer (PML) boundary 
conditions for the simulation. In order to reduce the impact of the finite sized area on the 
simulation results, large simulation dimensions were used (20 periods in the x and y 
dimensions). The position of the dipole source in the active region as well as the 
orientations of the dipole with respect to the surface structure should be considered as 
discussed elsewhere [Christopher Wiesmann et al., 2009]. Figure 5 shows the calculated 
diameter dependence of the enhancement factor of PCL Patterns 1 and 3. The simulation 
results in Fig. 6.11 are qualitatively similar to the experimental results (shown in Figure 
4). Also the highest enhancement factor can be achieved with a diameter of 430 nm. No 
  
 
173 
significant variation of enhancement factor was observed by changing the lattice constant 
of the PCL from 580 nm to 590 nm; similar to what was shown in the experiments.  
 
 
Figure 6.11 Simulation data for the diameter dependence of the yellow light 
enhancement factor for Patterns 1 and 3 with lattice constants of 580 nm and 590 nm 
respectively. 
 
 
Figure 6.12 Simulated lattice constant dependence of the yellow light enhancement 
factor for different nano-cylinder diameters.  
  
 
174 
 
Figure 6.13 Alternative figure showing less data than previous version. 
 
 
Figure 6.14 The calculated enhancement factor for different nano-cylinder (pillar) 
heights in PCL-patterned TiO2-YAG:Ce. 
 
Figure 6.11 shows the 3D simulation results for lattice constant dependence of the yellow 
light enhancement factor. The lattice constant was varied from 540 nm to 620 nm and the 
diameter was varied from 420 nm to 480 nm. Each curve represents the data for a given 
  
 
175 
diameter of TiO2 nano-cylinder. Depending on the diameter, the peak of enhancement 
factor occurs in the range of 570 nm to 600 nm in lattice constant. It appears that the 
diameter/fill-factor is more influential on the extraction enhancement than the lattice 
constant.  From the data shown in Figs. 6.11 and 6.12, in corroboration with the 
experimental results, the optimum PCL parameters for TiO2 PCLs on YAG:Ce ceramics 
are: diameter ≈ 430 nm to 440 nm, and lattice constant ≈ 580 nm to 600 nm. 
 
Besides the effect of lattice constant and diameter of the nano-cylinders on the light 
extraction efficiency, the height of the TiO2 nano-cylinders plays an important role on the 
performance. Table 6.3 lists the experimental data of the integrated forward yellow peak 
intensity ratio between nano-cylinders having a height of 350 nm and those having a 
smaller height of 150 nm.  
 
Table 6.3. Ratio of yellow peak intensity between patterns with different heights. 
Segment # in array 1 2 3 4 5 6 7 8 9 
Ratio of yellow peak 
intensity: Pat.  1 (350 
nm) / Pat. 2 (150 nm) 
1.45 1.40 1.32 1.39 1.37 1.38 1.42 1.40 1.35 
Ratio of Yellow peak 
intensity: Pat.  3 (350 
nm) / Pat. 4 (150 nm) 
1.23 1.24 1.29 1.46 1.41 1.30 1.44 1.41 1.27 
 
The ratio was obtained by comparing samples with the same nano-cylinder diameters and 
lattice constants, but different heights. On average, the ratio of integrated yellow peak 
intensity of Pattern 1 (350 nm) / Pattern 2 (150 nm) is 1.39 by comparing the 9 regions 
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from each pattern array, and the ratio of integrated yellow peak intensity of Pattern 3 (350 
nm) / Pattern 4 (150 nm) is 1.35. As a result, an approximate 37 % enhancement of 
yellow light extraction efficiency was achieved as the thickness of the TiO2 nano-
cylinders increased from 150 nm to 350 nm, which is consistent with previous results [An 
Mao et al, 2012].  
 
Optical simulations were also carried out to study the effect of nano-cylinder height on 
the light extraction efficiency. The total thickness of TiO2 was 350 nm but the height of 
the nano-cylinders was varied from 50 nm to 350 nm; 50 nm increase per step. Figure 
6.12 shows the simulation results. A nearly linear increase of enhancement factor by 
increasing the height of nano-cylinders, from 50 nm to 300 nm, was obtained. However, 
the curve indicates a decrease of enhancement ratio by increasing the cylinder height up 
to 350 nm. The simulation results indicate a 39% difference between the nano-cylinders 
having a height of 350nm to the one has 150nm. The computed ratio is consistent with 
measured data presented above. Therefore, the model we employed seems to be 
predictive and can guide us with the future design of photonic crystals in the application 
of light extraction from ceramic converters. 
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Figure 6.15 Simulation of the height dependence of light enhancement factor 
 
In addition, we also computed the effect of nano-cylinder height on the light extraction 
efficiency. Here we changed the thickness of TiO2, tuning it from 50 nm to 500nm. All 
nano-cylinders were assumed being completely etched down to the interface between 
PCL and YAG. Figure 6.13 shows the simulation results. It indicates a maximum 
enhancement factor of 4 at the height of 250nm. 
 
6.5 Nano-imprint 
Low output and long time consuming are the main challenges limiting sustainable 
production of PhC structures via EBL method. Recently, the invention of the nano-
imprint technology paves the way to commercialize these PhCs generated by EBL in 
large scale.  
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Nano-imprint Lithography (NIL), first demonstrated by Stephen Chou in 1995, is a high-
throughput (full-wafer process) lithography technique in which nanostructures were 
formed by physically deforming a thermoplastic material in a temperature and pressure 
controlled printing process. It was done using a silicon mold (mask or stamp) patterned 
by electron beam lithography and dry etching (Chou et al., 1996). Today, several versions 
of NIL technologies have been developed: Thermal NIL and UV NIL are the most widely 
used. Common to all NIL techniques is that a stamp or mold is needed in order to 
physically deform a polymer. In UV NIL, transparent stamps are imprinted into UV 
curable polymers at room temperature or slightly above. When the stamp is filled with 
polymer, the polymer is exposed to UV radiation through the stamp, which cures the 
polymer. Subsequently, the stamp is removed. In our method, we applied thermal NIL, a 
thermoplastic or thermosetting polymer is deformed by pressing the stamp into the 
polymer at a temperature above the polymer's glass-transition temperature under a 
controlled pressure. Hereafter, the polymer is cooled down to below the glass-transition 
temperature and the stamp is removed.  Figure 6.9 shows the schematic of nanoimprint 
process. During the transferring process, particle or rough wafer surface has to be 
avoided as these could damage the mold, in particular, with extremely small dimension 
on the order of 10 ~ 20 nm.  
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Figure 6.16 Schematic of nanoimprint process 
 
6.6 Nano-imprint 
In conclusion, we studied three methodologies to generate photonic crystal structures. 
The effects of nano-cylinder shapes of two-dimensional (2D) hexagonal-lattice TiO2 
photonic crystal layers on the light extraction efficiency of low-scattering YAG:Ce 
ceramic converters have been investigated.  A two-dimensional hexagonal photonic 
crystals of TiO2 nano-cylinders were fabricated on top of YAG:Ce ceramic converters 
using an EBL processes. An enhancement factor of the integrated forward (64°) yellow 
optical power of a PCL-structured sample compared to a non-structured sample was 
measured to be as high as 4.4 times, which occurred for a PCL pattern with pillar 
diameter = 430 nm, lattice constant = 580 nm and pillar height of 350 nm. The geometric 
parameters of the photonic crystals are the critical factors that determine the degree to 
which the PCLs enhance the extraction efficiency of yellow light from transparent or 
low-scattering YAG:Ce ceramic converters. A three-dimensional FDTD simulation was 
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employed to investigate these factors and the simulation results agree well with the 
measurements in this work, providing a route for further improving the external quantum 
efficiency of scatter-free phosphors by optimizing the parameters of the PCL. 
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